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I. INTRODUCTION

A. Contract Requirements

On November 1, 1946 the Research Division of the College of
Engineering of New York University entered into Contract
W28-099~ac-241 with Watson Laboratories of the Air Materiel
Command. Under this contract the University was commissioned
to design, develop and fly constant-level balloons to carry
instruments to eltitudes from 10 to 20 kilometers, adjustable
at 2-kilometer intervels.

The following performence was specified:
1, Altitude to be meintained within 500 meters.

2. Duration of constent level flight to be initially
6 to 8 hours minimum, eventually 48 hours.

3. The accuracy of pressure observation to be comparable
to that obtainable with the standard Army radiosonde
(2-3-5 mb)o

In addition to this balloon performence it was desired that:

4. A balloon-borne transmitter be developed for telemetering
of information from the balloon to suitable ground re=-
ceivers.

5. Positioning of balloon during flight be determined by
ground tracking such as radar or radio direction-finding
or theodolite.

6. Appropriate meteorclogical date be collected and inter-
preted. '

Following the first year of work the contract was renewed for

a l-year period, end in addition to the provisions of the
original contract it was agreed that a total of 160 test flights
would be launched by the University.

In September, 1948 a second renewal of the contract was effected.
With this renewal, which expires in March, 1949, it is ex-
pected that the development of equipment will be concluded.
Further extensions are under consideration whereby New York Uni-
versity will supply stenderdized flight gear #nd flizht ser-
vice personnel for routine test flights.
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II.

B. Project Facilities

To meet the requirements of the contract, & research group
was built up and the following facilities were made available:

1. Administrative section.

2. Engineering'personnel were assigned to one or more of the
following groups:

(a) Balloon section

(b) Performance control section

(¢) Telemetering section

(d) Anelysis section (including meteorologicel and per=-
formance date enalysis)

3. A small machine shop was provided to menufacture experi-
mental models of equipment which was flown.

4. A field crew for launching, tracking and recovery of
balloons was established.

Work-shop, laboratory, office and storage space was pro-

vided by New York University (Figures 1 and 2). Field work
was largely conducted at Army bases and Air Forces installa=-
tions. At one time the number of full-time employees reached
26 with 17 part-time men on the staff at that time. Most in-
dividuals were celled upon to work in several departments
depending upon the urgency of field work, equipment preparation
or development work.

PRINCIPLES -OF BALLOON CONTROL

Following preliminary investigations, two distinct principles of
achieving constantrpressure altitude for free baslloons were studied
in detail. The first of these is the maintenance of the balloon

at floating level by the use of a servo-mechanism or other con-
trol which causes the supported load to vary with the buoyency of
the balloon. The second principle embodies the use of a non-
extensible balloon cepable of withstanding & high internal pressure.

© With a fixed volume end & given load, such belloons remain at a

constant pressure level as long as the internel pressure of the
balloon is equal to or greater than that of the air at floating
level, A surplus of buoyancy ceuses super-pressure, but when the

gas is cooled relative to the air environment such & surplus is
needed to prevent excessive reductions in balloon pressure. Vhen-
ever the balloon's internsl pressure becomes less than that of the
air, it falls to earth., Such a balloon was used by the Japanese

for the fire bombing of the western United States during World War II.



Figures 1 and 2. Interior views, Reseerch Division Shop.




III.

To use the first of these principles it is possible to main-

tain & condition of buoyancy by at least the following two me=-
thods: (1) dropping a part of the load, &s ballast, to match the
loss of lifting ges which occurs as & result of diffusion and
leakage; (2) replacement of the lifting gas by evaporation from a
reservoir of liquified helium or hydrogen. Of these two methods,
ballast dropping is most satisfactory from the consideration of
simplicity of control and safety of perscnnel. While the use of
liquid helium is theoretically .more efficient, the emount and com=
plexity of control equipment adds much to the cost and also the
weight of air-borne equipment.

The development of non-elastic balloons which cen withstand high
internal pressure was investigated . Two designs which compro-
mise extreme cost (required for balloons of high internal pressure)
with small wall strength, hence small super pressure, were tested.

At first, attempts were made to control balloon performence by using
buoyancy~loed balance techniques with elastic balloons, but the
difficulties which were experienced resulted in the development of

a third principle of operation combining & non-extensible balloon
with a system of controls which can be applied either to a freely
expanding balloon or to & balloon of fixed volume.

METHODS OF ATTACK

The work on the development of controlled-altitude balloons may be
divided into three phases, each one identified by the type of bal-
loon which was used. Concurrent with the balloon development was
the design and testing of control equipment required to meintain
the balloon &t specific altitudes. Some of the equipment instru=-
mentation was used on more than one kind of balloon, but in general
the problems and methods of attack are identified with one of the
three types of balloons.

A. Rubber Balloons

Following the example of Clarke and Korff, assemblies of neo-
prene rubber balloons were first considersd. Using these
freely expanding balloons it was necessary to belance the load
to be lifted with the buoyancy given by an integral number

of belloons. One or more accessory balloons were attached to
the essembly to provide lifting force to carry the train aloft.
With the gear at a predetermined altitude, the lifting bal-
loons were cut loose from the train by a pressure-activated
switch, leaving the equipment at flosting level, more or less
exactly balanced. Since there is no inherent stability in an
extensible balloon, eny existing unbelence will cause the
train to rise or fall indefinitely until the balloon reaches



its bursting diameter, the gear strikes the ground, or corrective
action is teken. Even if the extremely critical balence is intially
achieved, there will be unbalance occasioned by (1) bursting of
balloons due to deterioration in the sunlight, (2) diffusion of
lifting ges from the balloons, (3) loss or gain of buoyency when
temperature inside the balloon changes with respect to the ambient
air temperature. This will result initially from radietive dif=-
ferences, and after an amount of difference (superheat) has been
established, changes in ventilation will cause chenges in buoyancy.

Two methods of attaching the payload to the clusters of rubber bel-
loons were tried. In the first of these (Figure 3) & long load

line was used, end short lines led from it to the individual bal-
loons. The length of such arrays was as much as 800 feet, and

this size made them difficult to launch. The single load ring
array, seen in Figure 4, proved to be much easier to handle and

is recommended for cluster launchings. During ascent each of the
balloons in such an array ride separated from each other and no rub-
bing or chafing has been observed.

The controls which were associated with this balloon system were
crude and, in general, ineffective. They included (1) cutting off
balloons as the buoyency became excessive and a preset altitude
extreme was passed, and (2) releasing part of the lcad in the form
of solid or liquid ballast whenever descent occurred. The sensi-
tivity of these elastic balloons makes it difficult to control
their altitude with any system of controls, and as controls were
developed it was found more preacticel to change from freely ex-
panding balloons to non-extensible cells not made of neoprene. The
tendency of neoprene to decaey within a few hours when exposed to
sunlight was the most cogent argument against doing more work on
altitude controls to be used with such & system.

Plasfio Balloons

The next attempts to control the altitude of a balloon vehicle were -
mede using non-oxtensible plastic cells, with an open bottom to pre-
vent rupture when expansion of the lifting gas is excessive. With

a fixed maximum volume, such & system hes inherent vertical insta-
bility in only one direction. When full, there is & pressure alti-
tude above which a given load will not be carried. The instability
of such a system is found only when an unbalenced downward force
exists. The development of controls and films for balloon meterial
proceeded concurrently, but the choice of & non-extensible plastic
film was mede before the system of control was perfected.

The properties which were given most consideration in the selection
of febric include (1) aveilability and cost, (2) ease of fabrica-
tion end (3) setisfactory chemical and physicel properties. Pri-
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Figures 3 and 4. Typical rubber balloon arrays.
marily on the cost basis, an extruded film of plastic was found to

be sliperior to fabrics such as silk or nylon with the various
coatings.
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The physical and chemical properties needed in a balloon materiel
ere: (1) chemical stability, (2) low permeability, (3) high tensile
strength, (4) low brittle temperature, (5) high tear resistance,
(6) high transperency to heat radiation snd (7) light weight.

In Table 1 the properies of 7 plastics and 2 éoated materials are

given.

suitable films.

From this data polyethylene and saran appear to be the most

Table 1
ow Temper- | Perme- | Tensile |Tear Re- Lase of |[Stebility to
Fabric ture Prop-| ebility ; Strength sistance| Febrica- Ultraviolet
- erties : tion
Polyethylene| Good Medium | Low iGood | Good Good
Saren Fair Low | High Poor Fair Fair
tl\!ylon Good Low | High  |Low Good Good
Vinylite Very poor | Medium | Medium [Good Good Good
Teflon Belioved | Low  {High  |Good  |Cennot  Good
good | be fabri-;
| ceted '
Ethocellu- | Good Very Low Fair | Good Good
lose high
Pliofilm Poor High Poor Fair Good Poor
}Nylon or silly
fabric conted
with: .
Neoprene | Fair Low Bigh Fair Fair Fair
Butyl Good Low High Fair Fair Good
rubber .

Having decided upon the proper fabric to be used, an effort wes
made to interest & number of compenies in the fabrication end

production of balloons.
‘polyethylene was Herold A, Smith, Inc.,

The first supplier of balloons mmde of

Mameroneck, New York,

In these balloons, 4 and 8 mil sheets were heat sealed to form
a spherical cell open at the bottom. Load attachment tabs were
set into the fabric and loading lines ran from these tabs to a
load ring. This method of supporting the load proved to be un-
satisfactory.
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Subsequently, other compenies ‘produced balloons of one type or
type of balloons purchased

another for us; the totel number and
is given in Table 2.

Table 2
Plastic Balloons

f 'Film Type, Thickness Special  Unit  No. Delivered
iC ompeny ‘Diameter, Shape ‘ Features Cost to Date
harold A, Smith lnc.%.004 polyethylene jPrototype $150.00 4
js-ft.dlam.,spherlcal f
" " " " _.OOBpolyethylene éLow perme- ? j
: 15-ft.diam.,spheri- | ebility 530,00 5
! cal ; ) ,
" " " " 004 polyethylene | Low perme- | 530,00 5
: ‘15-ft.diam.,spheri-  sbility |
! cal : i
General Mills Inc. ,.001 polyethylene §Stressed E 20,00 25
: | T=-ft.diam. ,tear- | tape type
(drop : seam i ;
{ ! ; ;
" " " :.001 polyethylene ; Stressed  125.00 175
+ 80=ft.diam, ,tear- ?tape type ‘
-drop } seam !
L " .00l polyethylene | Stressed |250.00 . 15
. 30-ft.diem.,tear- | tape type | ’
-drop seam %
oo " .00l polyethylene | Stressed  1900.00 - 5
' 70-ft.diam.,tear- tape type :
i drop seam
fThe Goodyear Tire & . .004 polyethylene Stressed 475.00 10
Rubber Compeny,Inc. 20-ft.diem., egg=- tape type :
§ ‘plent ' seam and low
| ‘ | permeability ’
Minzen Researdh,Inc. - .015 polyethylene | Low perme- |115.00 - 20
; 20-ft.diam.,tear= | ability : ;
!— - - - - - - - - - - - - - - - L ‘
| Non-Plastic Balloons :
Dewey and Almy Chem- J=-2000 neoprene 325.00 3 !
:ical Co. {balloon with nylon [Internsal :
shroud of 15-ft. pressure .
diam.,spherical 5
Seyfang Laboretaries |Neoprene-coated Internal 550,00 | 10 |
nylon 22,5-ft. pressure
diem.,spherical }
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Teardrop shaped polyethylene balloons were produced by General
Mills Inc. and Winzen Research, Inc., both of Minneapolis,
Minnesota. The General Mills cells were supplied in four sizes
with the diameters of 7, 20, 30 and 70 feet to cerry loads to
verying altitudes. A 20-foot balloon is shown in Figure 5.

Figure 6§, 20'-Diemeter, teardrop polyethylene balloon.

In all of these, film is .001" polyethylene, butt-welded with
fiber tape laid along the seams to reinforce the seal, and to carry
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and distribute the load. These tapes, which converge to the
load ring at the bottom, actually support the load (Figure 6).
An open bottom permits the escape of excess lifting gas and thus
prevents rupture.

BALLOON’

!
i

APPENDIX ~..
RING \\\\\\\

APPENDIX
RING
LOAD APPENDIX
LINES

LOAD RING

Figure 6. Appendix detail, polyethylene balloon.

On the Winzen balloons, which are made from .015" polyethylene,
ell but two of the balloons were made with similar fiber tape re-
inforcements; these two were produced without tapes and both of
them have been flown with no evidences of unsatisfactory perfor-
mence .

The eggplant shaped balloon produced by The Goodyear Tire & Rubber
Compeny, Inc. has been flown with satisfaction, but the exact
amount of diffusion, which is expected to be low from this balloom,
is not yet known.

Internal-Pressure Balloons

From a theoretical standpoint the most satisfactory means of keeping
& balloon at constant pressure-altitude is to use a non-extensible



cell with very low diffusion through the walls and one capable

of maintaining super-pressure in excess of that lost with re-
ductions of gas temperature. Such a balloon could be sealed

off completely or & pressure-activated velve could be used to
permit efflux of the gas when the bursting pressure is approached.
The neoprene-coated nylon balloon built by Seyfang Laboratories
(Figure 7) has been used with & valve set to prevent rupturing.

Figure 7. Neoprene-costed nylon balloon,
two=-thirds inflated.

The febric has been coated with a metallic paint to minimize

the effects of radiation. However, the values of superheat ob~
tained by the gas when the balloon is in the sun have been of

the order of 30°C. The eamount of buoyancy lost when circulation
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or sunset cuts off the superheat is so large that it is not possible
to carry enough ballast to sustain the system under these condi-
tions. On the other hand, the loss of buoyancy through a sealed-off
Seyfang balloon at 4100 feet MSL is of the order of 50 grems per

hour which is significantly less than the loss expected from & 20-
foot, 1 mil polyethylene cell in flight conditions. (With the appendix
aperture sealed, such a cell shows a loss of 1lift of about 40 grams
per hour when one-fifth inflated at sea level),

One other type of balloon which has been used &s a super=pressure
balloon is the neoprene J2000 balloon of Dewey and Almy, surrounded
by nylon cloth shroud. The rubber balloon normally would expand
until it reached bursting diameter, but when enshrouded, it is
limited to the volume of the shroud. The difficulties in launching
and flying this balloon are not unusually great, but on each of the
several tests which have been made to date improper handling has
been a possible cause of the eerly rupture of the balloon. It is
believed, however, that such a bslloon is not especially suitable
for long flights because of the deterioration which occurs in the
neoprene in the presence of sunlight., Perhaps a shroud of material
which would filter out the ultraviolet rays would protect and
lengthen the life of such & balloon.

Despite the success of the Japanese silk or rice-paper balloons,
which were constructed on & super-pressure principle, it is not be-
lieved practicel at this time to develop & balloon of such strength
thet it would successfully withstend and retain pressure increases
corresponding to the temperature chenges from night to day as the
superheat of absorbed sunlight is gained. The super-pressure with
& neoprene-coated nylon balloon, for example, would be approximatdy
0.5 psi. That such & balloon could be built is unquestioned. The
cost of production, however, appears at this time to be unwarranted.

Altitude Controls

Beginning with the arrays of rubber balloons which were first used,
various systems of dropping ballast, both solid and liquid, have
been attempted with the aim of exactly compensating for the loss of
buoyency which is occasioned as the lifting gas diffuses or leaks
through the balloon. On the early rubber belloons only rough incre=-
mental ballast dropping wes empbyed., At that time it was decided not
to use sand as ballast since most sand contains some water which
may freeze while aloft. Further, it is easier to control the flow
of a liquid ballast than it is to control sand particles. In the
investigations for a suitable liquid ballast the petroleum product
known commercially as Mobil Aero compass fluid was finally settled
upon. These investigations included tests of cloud point, freezing
point, and also density and viscosity over a large range of tempera-
tures. The compass fluid is especially suitable for ballast work

-16=



in high altitudes, since it freezes below -800C and will flow
readily at low temperatures. Also, this fluid will absorb only
a very slight amount of water which might freeze aloft.

Basically three different principles have been used in the control
of ballast flow. The first of these is calculated constant flow;

the second is displacement-switch control; and the third is rate-

of-ascent switch control.

(1) Constant Flow
In the simplest of the control systems, liquid ballest is allowed

to flow continuously through an orifice (Figure 8) et a pre-
determined rate. This rate is set to slightly exceed the ex-

RETAIL B

2

PERSPECTIVE, WIEW
TRUE SIZE

Figure 8, Orifice for fixed-rate ballast flow.

pected loss of 1ift of the balloon due to leskage and diffu-
sion., If this method is successfully used, the balloon stays
full because the gas remaining in it has less load to support.
Therefore, the balloon will rise slowly as ballast is dropped,
mainteining equilibrium between the buoyency end the load. In
the General Mills 20-foot balloon, for example, diffusion losses
are about 200 grams per hour at altitudes near 40,000 feet. The
balloon at its ceiling of 40,000 feet with a 26-kilogram pay-
load rises about 700 feet with each kilogram of ballast dropped.
This means that such a balloon using this constant-flow type
control will floet at a M"ocelling" which rises at the reate of
ebout 140 feet per hour. Constant flow was first obtained by
use of the manual ballast valve shown in Figure 9. Due to
excessive clogging of this valve, caused by itsannuler ring
opening, gate ~type valves were tested, and finally the use of
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simple orifices of various sizes replaced the manual ballast

valve,
DIAL
AR VENT~ (Groduated
(5,/‘ :) : every fwo degrees)
BALLAST DISCHARGE TO DISCHARGE TUBE OF
TUBE AUTOMATIC BALAST VALVE

Figure 9, Manual ballast valve,

(2) Displacement Switch

The displacement principle in ballast control hes been used in
two different types of valves. The first of these, called the
"automatic ballast valve," used & needle valve, controlling
ballast flow by an eneroid cepsule to which the needle was at-
tached (Figure 10). The aneroid capsule was open to the at-
mosphere on ascent; as the balloon began to descend to a region
of higher pressure, & minimum pressure switch was used to seal
off the cepsule and further descent caused ballest flow. (For
details see Technical Report No. 1, Constant Level Balloon
Project, Research Division, College of Engineering, New York
University, New York, N.Y., 1948.)

There are three undesireble features of this system., Greatest
is the effect of temperature changes on the air sealed in the
capsule. Seal-off pressure acts as a datum plene. Any in-
orease from this pressure causes compression of the aneroid,
end ballast flows proportionally to the difference from seale
off pressure. However, with changes of temperature of the
entrapped air, the activation pressure of the valve changes,
the floating level is thus also a function of temperature of
the gas in the aneroid.

-] 8=



Ballast
Inlet Tube

Ballast Valve =
B=

Face | »
S Ballast Outlet
Tension Spring to _g\__vmve Stem. Valve Closed
Open Ballast Valve “ by Comp. Force On Stem.

Aneroid capsule closed_/

by sealing at desired -
altitude. Descent below
sealing alt. causes aner-
oid to contract, opening
ballast valve.

Aneroid Sealing Valve
Fixes pressure of anerotd

String holds valve capsule.

open until severed
by squib.

Figure 10, Automatic ballast valve.

The second undesirable feature of the automatic bal last valve
system is the lag induced by the use of a minimum pressure
switch to seal off the aneroid cepsule. This is in addition

to the lag of the aneroid itself., If & mercury switch is used,
the differential between minimum and seal-off pressure is about
8 millibars; with a less dense liquid, the operatior will still
require about & 2-millibar difference. If the sealing is done
by a fixed pressure switch, it is then necessary to predict the
altitude to which the balloon will rise. Failure to reach

this height would leave the aneroid open and useless. Delibereate
under-estimation of the ceiling causes & relatively lorg period
of uncontrolled slow descent before control begins.

The third unwanted feature is the waste of ballast which flows
during both descent and ascent of & balloon whenever it is
below the seal-off elevation. Since the balloon is no longer
"heavy" when its downward motion has been arrested, flow
during the return to the datum plane is needless and indeed
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will cause an overshoot, hence the unnecessary exhaust of some
lifting gas.

The effects of temperature on the aneroid capsule of the auto~
matic bellast valving system weaeeliminated by the use of a
ballast switch which uses a vecuum-sealed aneroid, set to per=
mit ballast flow through & valve whenever the balloon is below
a given pressure altitude. In this system the minimum pressure
switch and the lag caused by its use#re eliminated. This dis-
placement-switch control has the disadventege that the flow
which it permits is not proportional to the displacement of the
balloon below a datum plane but is constent through the valve.
Normally this flow is large to permit repid restoration of equi=-
librium. A second disadventage is the requirement of batteries
to supply power to the electrically operated valve. However,
the adventage of eliminating the temperature effects on the
eneroid compensate for these two comparatively minor disadven-
tages.

In practice, the displacement switch has consisted of a modified
radiosonde modulator in which the standard commutator is re=-
placed by a speciel bar which is an insuletor above & certain
point and a conductor at lower levels (higher pressures). Vhen
the aneroid pen erm is on the conducting section of the commu-
tetor, a relay opens the ballast valve., To prevent excessive
flow on @&scent, the pen arm rides on an insuleted shelf above
most of the contact segment of the commutator (Figure 11).

Figure 1l. Pressure displaéement~switch.



(3)

The pen drops off the shelf at a safe distance below the ex-
pected pressure altitude and ballast then flows until the
pressure pen reaches the insulating section of the commutator.
In order to prevent the-overshoot mentioned eas one undesirable
feature of the automatic ballast system, the high pressure

end of the insulator mey correspond to the expected meximum
altitude of the bealloon, any loss of 1lift due to impurities

or escape of lifting gas will cause the balloon to level off a%
8 ceiling within the ballast-dropping renge. Continued ballest
dropping will result in the rise of the balloon. Thus, an over=-
estimation of the ceiling is not as criticel as in the case of
the previous system.

Rate~of=-Ascent Switch

With the displacement-switch control just described there re-
main the problems of ballast waste and balloon oscillation re-
sulting from discharge of ballast during rises of the balloon
after a descent has been checked. To eliminate this, a ballast-

" control switch acting on the rate of rise of the balloon is

put in series with the displacement switch to close the ballast
flow circuit only when the balloon is coming down or floating
below pressure eltitude. When it is rising, no ballast flow is
permitted. This "rate-switch" is seen in Figure 1l2.

Capiliary

/ Tube

Wox Seal

Volume
Chamber

. Platinum
Wire Lead
l ‘ Electrolyte

Figure 12, Rate-of-ascent switch.




A glass flask is open to atmospheric pressure through a fine
capillary tube. With various rates of change of pressure,
various differential pressures exist between the air in the

flask and the outside air. This pressure difference controls

the level of liquid in a manometer switch, filled with 24% hydro-
chloric acid. When the internal pressure is 0.2 mb more than

the ambient pressure, the switch opens and ballast flow is stopped
even though the balloon may be below the floating level., (The
switch is set so that a rate of change of .1 mb/minute acting

for three or more minutes will open the switch.) By thus re-
stricting flow when the balloon is rising, balloon oscillations
are minimized and ballast is conserved, A sketch of this opera-
tion is shown as Figure 13,

Altitude

DISPLACEMENT SWITCH DISPLACEMENT & RATE SWITCHES

Floating
Altitude .1

Boallaost Flow Ballast Flow

Time Time
D < ———

Figure 13. Helght-time curve, showing
ballast control action,.

Since the rate switch is much more delicate than the displace~
ment switch, safety considerations have caused the combined con-
trol to be supplemented by a pure displacement switch control.
In this, the ccnducting segment of the pressure modulator is
divided, and only a limited pressure height range (set for de-
sired floating level) is controlled by both switches in series.
If the rate switch is demaged at launching (by spilling some of
its electrolyte, for instance) or in flight (perhaps by evap-
oration of the electrolyte) and the balloon descends, simple
displacement control becomes effect when the high pressure
(lower altitude) segment of the conductor is touched by the pres-
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sure pen. The switch oircuit 1s seen in Figure 1l4.
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Figure 1l4. Circuit for ballest control with combined
displacement and rate-of-ascent switches.

Figure 15 is & theoretical height-time curve, showing when
ballest would be dropped using such a control and the re-
sulting belloon behavior. During ascent the pressure pen is
kept off the commutator bar until Point 1 where it fells on=-

to the low-altitude conducting segment. (The shelf hes been
set so that the pen will fall onto the low-altitude segment in
order thet a ballast signal will be received for & shortperiod
of time, indicating that the system is working properly. The
balloon rises and ballast flows until the pressure pen reaches
Point 2, the beginning of the region where both switches in
series control the ballast. As long as the balloon continues
to rise, no flow occurs. Should the maximum altitude be above
the control level , no ballast will flow until the balloon de-
scends to that point. Then, with both controls operating, tAlast
will flow only on the descending and floating portions of the
flight below corntrol level. A second course is illustrated,
wherein the rate-switch has failed. There the balloon de-
scends to Point 2 end oscillates about this level, a&s a result
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of displacement switch actions alone,
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BALLAST RATE PUSHES BALLOON

T00 HIGH INTO CONTROL ALTITUDE.
L.
- -~
TOP- HIGH ALT. —_—= CASE A
COMMUTATOR T e
R ’—”-—**_—-————————-———-——._
® ~=Tro0 Low N\ TN 7
@ TN Fasw NS —
o~ IF LEVELING OFF TOO HIGH,

NO BALLAST UNTIL THIS TIME.

L

SHORT BALLAST T - ey - _
FLOW DURING RISE BALLAST FLOW— CASE "8" (RATE SWITCH FAILURE)

TO INDICATE PROPER
CONTROL ACTION. (@ PEN OFF SHELF
(® TOP LOW ALT COMMUTATOR

@ BOTT. HIGH ALT. coMM.

ALTITUDE

TIME

Figure 15. Theoretical height-time curve.

(4) Rate-of-Descent Switch

It mey at times be desirable to control a balloon merely bya
switch activated at any given rate of descent. This could be
accomplished merely by "reversing™ the rate-of-ascent switch.
This type of control would prove to be quite difficult, however,
for a constant level flight., One flight, No. 97, was made

using a type of rate-of-descent switch as shown in Figure 16. In

Position while____ ., _____ I
rising v T e —— e

\/
Adjustable Position while

1
|
' Contact —\3 Descending
— ‘
| I
, ! Aneroud/ 2
1 Capsule
|_ Ballast ‘ ' Capillary
Solenoid t
Valve I
l ) Sealing Valve
i {Actuated at
[' l desired altitude)
= E

Figure 16. Rate-of-descent switch.
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E.

this switch a circuit is closed when the rate of descent ex-
ceeds 1/56 mb/minute, allowing ballast to flow. The record of
Flight 97 indicates that good control was obtained for a four=-
hour period using this switch. However, the instrument is so
delicate and susceptible to temperature effects that its use is
not advised.

Flight Simulation
To make laboratory tests on the control equipment just described, a
flight-simulation chamber has been built combining a bell jar and a
temperature chamber. A drawing of the temperature chamber designed
and built at New York University is shown in Figure 17. (Investi-
oi":.:’::; Bue /—Too Harem
LiguT N
Buwe
Air Cime. Lienr
BLower ' Bus
:"‘numx 1 i
GULATO f |
Temp, ConTaor | 1!
BLowae ' i
' | Corpen
N T Taay
=N
i . ‘ \S
)
i N Rmm \SF I DRA
Loanine _/' SN .;,<:-_V-f§-\‘i
§:I‘.'é e .;>\X;A,[__ ST S
FRONT ViEW T —Daam
Lowasy Worxims Teme ~65° To-707C
AccURAGY OF Teme ConTRuL O.5°C
Figure 17. Temperature control chamber,
gation of commercially sold chambers showed that the cost of pure
chasing a temperature chamber of the size desired would be pro-
hibitive.) First designs called for the use of a freon refrigerating
system; however, use of dry ice as a coolant proved to be more ad-
vantageous. This chamber, with its automatic control, can hold

temperatures as high as #100°F and as low as «900F within 5° for a
period of several hours. Dry ice consumption at -600F is approxi-
mately 150 pounds for a 24-hour period.

It is possible, using a bell jar for flight-similitude studies,
to arrange switches so that the vacuum pump is turned off and on at
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the same time that ballast is normally required in flight. This
system simulates the effect of rising and falling in the atmosphere
and indicates the effectiveness of the controls which have been applied.

In order to simulete flight, it is necessary that three conditions

be maintained within the system. The first is that & leak of air

into the bell jar is permitted at a rate of pressurs increase which
has been observed during balloon descent. A large lag chamber is
connected into the bell jar to supply the second condition which

is a delay similar to that inherent in the control action on an actual
balloon flizht. It is necessary to properly adjust the volume of

such & lag chamber te ebtain the desired magnitude of control action.

A third requirement is that the response of the vecuum pump must
correspond to that response which has been observed when & balloon
system drops ballast. In order to measure this, the control me-
chanism has been allowed not only to switch the vacuum pump on end
off but also to actuate the standard ballast-flow equipment. This
system may be adjusted so that the amount of pressure change which

& single period of pumping produces accurately represents the amount
of ballast thrown off during flight.

The barogram shown in Figure 18 is en example of such & test. On
this test the rste-of-ascent ballest switch was added to the displeace-

I/ /A /I/B/

] T [T |y

T

Iz N Y Y A

AN

—

[}
Hours

Fhight Similiiude Record Of Pressure

A- Displacement Switch
Operating.

B- Displ. & Rate Of Ascent.
Switches Operating.

Figure 18, Sample barograph record.

ment switch after the latter had operated for a period of six hours,
The combination of the two is seen to have effected s reduction in



the amplitude and frequency of oscillations induced by the servo
system. In fact, under the influence of both controls, oscilletion
is almost undetectable.

As & consequence of such tests, it is possible to prediect the type,
size and frequency of oscillations which the servo-control equip-
ment will introduce into the balloon flight., This is especially
significant since it is known from flights on which no control equip-
ment was included that oscillations do occur naturally within the
atmosphere, apparently as & result of vertical celluler convection
currents. By knowledge of the frequercy of oscilletion caused by

a given control system it is possible to enalyze oscillaetions and de-
termine which are caused by control and which are atmosrheric. The
wiring diagrem of the flight-similitude system is .shown in Figure 19.
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Figure 19. Wiring diegrem, flight-similitude system.



The vecuum system is shown in Figure 20,
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Figure 20, Physical layout, flight-similitude system.

This equipment hes been used in testing instruments to be flown
end also equipment which is used in the launching end preperstion
before release. For exsmple, the Du Pont S64 squibs, which have
been used in conjunction with the flight-termination switches and
also for severing launching lines, were tested in this chember and
found to fail when subjected simultareously to cold temperature
(~509C) and low pressures (10 millibers) although tests et either
low tempersture or low pressures alone produced no failures. As &
result of these tests, & new squib, the S59, has been produced

by Du Pont and is used in current flights. Other equipment

which has been tested in the bell jar ard .the cold chamber includes
the Lange barogrephs and the Ollend-cycle pressure-measuring in-
struments.
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F.

Flight Termination Gear

The rate of descent when controlled balloons are falling after
exhausting all ballast is sometimes as slow as 50 feet per minute.
This means that several hours might be required to fall through
the lanes of aircraft treffic, increasing considerably the hazard

" to aircraft (admittedly very smell). To minimize this possibility,
units have been added to the flight train to ceuse a rapid descent
after the balloon system has descended to some critical value, say
20,000 feet. One such destruction system, using & flight-termination
switch, is shown in Figure 2l1. It consists of & pressure-sctivated
switch, triggered on descent only, an explosive charge used to sever
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Figure 21. Flight termination equipment.

the mein load line, & rip line attached to the balloon near the

equator and a snub line which takes up the strain after the load
has fallen a few feet.



When the contect is mede, the load line is cut and the entire
weight of the dependent equipment is used to pull out a section of
the balloon wall., Through this rupture, the lifting gas can es-
cape, and the balloon descends, using the upper portion as a para-
chute. The rate of descent has been observed to vary from 600 to
1500 feet per minute when this system is employed.

For some special applications it has been desirable to ceause the
balloon to descend after some predétermined time, instead of weiting
for the descent to air traffic lanes. In these cases, a clockwork
switch has been used instead of the pressure-activation unit. When
docks are used they are kept free of lubricants which will freeze.
The best results have been obtained from the use of & Dow Corning
Silicone (DC 701) diluted with 30% kerosene. If this is not
available, it is better to send up & clock without any lubrication,
Given relatively loose mechanism (a cheap alarm clock) the differ-
ential expansion of parts which is encountered at low temperatures
is apt to cause less trouble than does the congealing of standard
lubricants.

IV. EQUATIONS AND THEORETICAL CONSIDERATIONS

Development of & controlled altitude balloon has led to investigation
of meny theoretical considerations applicable both directly and in-
directly to the description of variables encountered in balloon control.
Some of these relationships have been derived directly from stendard
hydrodynamic or thermodynamic principles; others come from an empirical
study of results of leboratory tests and actual balloon flights. 1In
this section we will investigate these theoretical considerations and
endeavor to correlate them with eactual flight results. A more simple
investigation of the equations necessary for the launching and tracking
of & controlled altitude balloon is contained in Part II of this report,
"Operations."

We shall first consider the relationships which eid in evaluating the
oelementary characteristics of non-extensible balloon flight and those
which are helpful in carrying out inflation and launching operations
of such balloons. Next, we shall discuss more complex considerations
involved in balloon flights, ‘

A. Floating Altitude and Altitude Sensitivity

To determine the altitude &t which & non-extensible balloon will

float we must consider the weight of the balloon system, the volume
of the belloon, and the densities of the lifting gas and the

air, [ If the lifting gas is 98% helium (moleculsr weight

4,50 1b./1b, mol), the lift of a unit of gas will be 24.4 1b./lb. mol.
Similarly, if 98% hydrogen were the lifting gas, the lift would be
26.6 1b./1b. mol,] By using these three basic parameters, we can

obtain an expression for the molar volume at which the balloon will
float:
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(1) Mv = Balloon Volume x Gas Lift
; Gross Load"

[It may be noted from this equation that & balloon can float at
molar volumes less than that computed for maximum balloon volume
(i.6., when it is not full). However, under these conditions the
balloon would be in neutral equilibrium, since any vertical force
would cause it to rise or fall until a force in the opposite direc-
tion stopped it. This is also the case with floating extensible
balloons.]

To convert from molar volume to equivelent altitude we must know
the pressure-temperature distribution of the atmosphere in which
the balloon will float, Since it is difficult to obtain an
accurate distribution for each flight, the atmospheric model es
drewn up by NACA standards has been used. In general the error
obtained in using the FACA standard is not great, but if greater
refinement is desired, date obtained from sveraged radiosonde ob-
servations over a given launching site cen be used.

From such knowledge of the distribution of pressure and temperature,
we mey plot & curve of molar volume vs. 2ltitude by use of the
following equation:

i £43 T 1013.3mb  £43
(2) MV, = 359Ib mol'x273°|< X Pz Ib mol

By use of such a plot we easily find the floeting eltitude of a
full non-extersible bslloon by use of equation (1) to find molar
volume, and then of the plot of equation (2) to find altitude,

The two equations have been combined and graphed in the form of
an altitude vs. gross load chart with helium as the lifting gas

- for various balloon sizes and verious releasse sites in the
"Operations" section of this technical report (Pert II, page 108).

For the NACA standard atmosphere we may derive en equation for elti=-
tude sensitivity by use of the molar volume-altitude relationship,
This is most easily done by plotting molar volume vs. sltitude on
semi-logarithmic paper, since the curve of molar volume vs,., altitude
from 40,000 to 105,000 feet (where & constant lapse rate of zero

is assumed) is approximately a streaight line on semi-log paper.

The general form of the equation for this portion of the atmosphere
is y = aebZ where y is the molar volume and z the altitude.

It is possible to determine empirically the constents a and b,
For example, using the molar volume at 50,000 feet, we find from

*359 £t° = Molar volume of air at stenderd conditions (273°K, 1 atm. pressure)




the equation 2500 £t.5/1b, mol = 8e°0P where 50 is the expression
for altitude in thousands of feet. Similarly, et 70,000 feet
6450 = ae7%b, and by solving to eliminete &, we find 2.58 = eéob
or 20b = .95, and the constant b is equal to .0475. Thus, the
equation may be written:

(3) y = ae04752
y was originally defined as the molar volume, equal (for 98% helium)

to:

_Balloon Volume x 24.4 . K
Gross Load w

. K. e 0478 2
In turn, W~ » where z is the expression for altitude

in thousands of feet. From this relationship, we may solve for
W, the gross load.

(4) W = _l_(ae-.qnst
Way . -
(5) in(X2) = -.0475 2
or:
(6) InW + In-% = —.0475 2

Differentiating with respect to W:

(7) d_lwg_gl_-.wcﬁ -r—:;— where W is gross load in 1b.

We see that the velue of the constant a is unimportant here, and
the expression is independent of balloon volume, as long as it
‘does not vary with time. Included is the assumption that over a
short period of time buoyancy of liftimggas does not change.

Thus, we have an expression for A, the altitude sensitivity, which
is valid between 40,000 and 105,000 feet. Similarly, it is possible
to evaluate altitude sensitivity for operation between O and 30,000
feet. A in this renge is equal to 31,400 ft./lb.

W
A plot of altitude sensitivity against load is shown on page 109
of the "Operations" section (Part II of this technical report),
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B.

We mey use this equation to espproximate the rise of a full balloon
system when controlled by overcompensated constant ballast flows

(8) L. g,

where z is the balloon ceiling, t is time, and W is total weight
of the balloon system.

Rate of Rise

The equation of Clarke and Korff:
Y,

{
dz . F?2 com
() & - 272 L om

has been used to obtain the relationship between rate of rise and
free lift r excess buoyancy) for & balloon system of any given
weight., For practical use, the equation has been modified to:

1 ,
(2) dz _ 1486 l-"/2 where F is free 1lift in pounds
dt G7/3 and G is gross lift in pounds.

Although this equation was derived for use with extensible spherical
balloons, it predicts closely the performance of non-extensible
balloons while they are rising to floating level. An average value

for the constant in equation (2) from actual flights is 1600 ft./min(1b

The deviation from this relationship, evidenced in severdl flights,
may be due to several variations from the assumptions upon which
the equation is based. This deviation has in general been egn in=-
crease of rate of rise of from O to 25% at higher altitudes.

To explain this increase, let us first investigate the changes
which may occur in the free 1lift. If any gas leaves the balloon
because of leekage through the balloon or the appendix, the free
1ift will be reduced sand the rate of rise will decrease (as it
does after the balloon is full and "levels off")., Therefore, this
variation may be ruled out whenconsidering rise before the balloon
becomes full,

Free lift will vary with changes of temperature of the lifting gas
with respect to the free-eir temperature. A change of this sort can
be caused by acquisition of superheat of the lifting gas, or by

temperaturé decrease or increase caused by adiabatic expansion or

compression of the lifting gas. (These items will be discussed later
in this report.) Actual temperature measurements during rising
portions of flights indicate thet there is no appreciable tempera-

3%
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ture difference between the lifting gas snd free air. Evidently
the effect of ventilation as the balloon moves through the air
oauses the llfting gas to remain at a temperature approximating
that of the air, and the increase of 1lift due to temperature
varistion is smell in magnitude.

Since changes in the value of free lift appear incapable of causing
any appreciable increase in rate of rise, other possible variations
such as & change of the drag, or fluid friction, effect must be
considered.

The equation of Korff is based upon the assumption that the effect
of the change in Reynolds number and the change in size are of equal
magnitude, but in opposite directions. Therefore, these variables
are eliminated to obtain the simple engireering formula of Korff,
With a non-extensible balloon, however, the change of drag effect

is probably less than the effect of change of Reynolds number. There-
fore, it is likely that the rate of rise would incresse with alti-
tude. The change in drag effect may be realized by a2 decrease of
relative size of the flabby, unfilled portion of the balloon. Thus
there will be & decrease of the drag caused by flow of asir past this
flabby portion as the shape of the ballcon changes; the result will
be an increese in the rate of rise of the system.

Superheat and Its Effects

The effect of the heatinpg of lifting gas by the sun's reys hes long
been of interest to those using balloons for atmospheric investigation.
In cosmic-ray studies using freely extensible balloons, this heating
effect was used to advarntage in extending the length of flights.

These flights were often released at night using the heat added at
sunrise to replenish lift lost during the night by diffusion and
leskage.

In constant-level balloon work, using non-extensible balloons, the
effect of superheat of the lifting gas is more often a disadventage
than an advantage. The disturbance of the flight is not great when
the gas acquires this superheat but may be disastrous when the super-
heat is lost. It is at this time that a lerge amount of bellast is
required to keep the balloon system afloat.

Let us investigate the effects of gain end loss of superheat on a
full, non-extensible balloon. We shall try to explain these
effects in terms of percentage loss or gein of lift of the balloon
system by use of simplified engineering formmlas. First, the
general formules:

(1) Lift: L = Vb(da"dg) , where
Ve balloon volume
dg, d

g= density of air and liftirg gas, respectively




(2) Density: d = -'-_.\;p-f

p, R, T = pressure, specific gas constant, end
e tempereture of the air or lifting gas

(3) Let:. < Rg - M
o m (W)

At any two positions:

Ll = V| (da' - dg.)
La‘ \' (doz" dgz)

Investigating the gein of superheat, since there is no change of
volume V] = Vo and:

(4) AL = Lp-L, = V (dg, = dg,- dg,+dg,)

Assume now that the belloon carries no internal pressure and that
the difference in 1ift does not cause the ballcon system to pess
through any appreciable atmospheric pressure difference (in the

case where the balloon is floating at 40,000 ft. MSL & charge of
1000 ft. would be only 9 mb, or a 5% change).

Therefore:
Pg, = Pap= Pg = Pg,= P

. Assume also that initially the eir and lifting ges are at the

same temperature and that the air passes through no apprecieble
temperature chenge. Then:

T°‘= T°2= Tg'r. T

Then, making use of our two assumptions and substituting equation
(2) into equation (4), we heve:

. 1
AL VP(RQT. RaTi Rylg, RgT,)

and:



A Too- T,
(&) LI,— : |§B(_g%_gzl)

or, for smell temperature differences, we heve:

(6)

AL B (AT
L =|-B(T)

With increasing temperatures, there will be an unbalance in the
direction of greeter altitude. While climbing to & greater alti=
tude the belloon will valve gas and come to equilibrium et a new

level. Thus the effect of gain of superheat with & full non-
extensible balloon will be & slight'increese of altitude.

Investigating the cese where an initial smount of superheat is
lost:

(7) AL = V,(dg,- dgp) = V,(dg-dg,)

and since the balloon volume will decrease with cooling of the
lifting gas:

V=V, _Iﬂa. (assuming constent p)
Tbl

Therefore, again meking use of the assumptions that:

Pa,* Pap™ Pg,* Pgp= P
~and:
Tg s Ta

l: TozT

2 2 2

Combining equetion (2) and equation (7), we have:

[l ) (e )
! Tg\RaT2 RgT, Ry, R -'rg

g9

AL

V|(p,_.p __® P )
RgTg, RgTg, RaT, RgTg,
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(8) . PV - __1 )

Then: N (_I_-_J__)
!%%; ; Rg \ Tg, T /
2 |
T, ( ;q" ng)
(9)

=5 ( Tzfgrg*)

or for smell tempereture differences:

o A - -l (4D)

the negative sign indicating a loss of 1lift,

From this equation we may epproximate the amount of ballast re-
quired to compensate for the loss of superheat of the lifting gas.
It is apperent, then, thet the emount of superheat geined or lost
by @ balloon's gas is of extreme importance to the control of the
flight.

For this reeson a transparent film hes a definite advantage over a
reflecting febric. For exemple, aluminum-coeted fabric balloons
floating at 40,000 feet have exhibited lifting gas superheat in

the neighborhood of 40°C.* Polyethylene balloons, on the other

hand, show superheat of epproximetely 100C under the same conditions.

Assuming & total weight of 30 kilogrems in the ballcon system, with

helium as the 1lifting gas ¢t B= -',- ), the following eompensation
at sunset, or when superheat is lost, will be necessary:

Aluminized fabric:

AL . 1 (400 | o

L |'—-,-‘(2so°) = 187%
Polyethylene:

AL _ _t_(10°) .

Lo- (3669 = 47 %

*This will explein the repid descent of flight with fabric balloons and
will show the need for high rates of ballast flow at sunset with poly-
ethyle?e balloon flights (see Part III, "Summery of Flights," of this
‘report).
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D.

This relationship between loss of lift and loss of superheat is
substantiated by enalysis of Flight 94, From the rate of descent u
the unbalance (using the equetion of Clarke and Korff, see page 3:3)
is in the neighborhood of 5 kilograms. Although there was no
temperature measurement on this flight, & previous flight of

this type indicated & superheat of eapproximately 40°C. By -equation
(10), with a gross loed of 52 kg., the unbelance caused by loss

of all of this superheat would be 9.7 kg It is believed thst
ventilation past the balloor during & low velocity descent before
operation of the ballest mechanism caused loss of superheat. Since
this loss caused greater descent, and thus more ventiletion, super=-
heat was lost. An enormous rete of ballast flow would heve been
required to check descent.

Adiabatic Lapse Rate

One of the causes of temperature difference between the lifting ges
and free air during rise or descent of balloon systems is the
difference in lapse rates of eir end the lifting ges. The adiabatic
lepse rate is that temperature change caused by adiabatic ex=
pension or compression of & gas during ascent or descent through a
given verticel distance. The actual lapse rate of the lifting gas
is the adiabatic lapse rate plus the effects of conduction and
radiation. The adiabatic lapse rate is defined as:

(1) LR = AL
p
vheTe: A = 2.39 x 107 cal/ erg
Cp = specific heat at constant pressure
g = acceleration caused by gravity -

In the metric system for helium, ( Cp

.25 ,—EQ/LT" ):

-3
LR = 280X 239%10

.25 = —1.87°C/km
or: |
LR = =.57°C/1000 ft
The ediebatic lapse rete for eir, ( Cp = 0239L_°C‘3/|gm)

. _ 980x 239 x1073_
LR = 05539 - — 9_8 °C/ km

or:

LR

- 2'98"(:/1000 £t

=38= .




The actual atmospheric distribution, however, does not indicate an
adiabatio lapse rate for air but rather a lapse rate which varies
with eltitude. For the troposphere the lapse rate of the atmosphere
averages -1.989C/1000 ft. It may be shown then that in the tropo-
sphere a rising balloon will get warm with respect to the air
(negleeting ventilation and radiation effects) at & rate of

1,98 = .87 2 1,410C/1000 ft. In the tropopause the lapse rate of

the atmosphere is zero., Thus the lifting gas (if helium) will
eo0l relative to the air at a rate of .579C/1000 ft.

8imilarly, in the stratosphere, the lifting gas will cool relative

to the air at a rate of 2.24 ¢ .57 = 2,819C/1000 ft. This effect
is plotted as Figure 22,

TEMP. OF LIFTING -
GAS DUE TO

ADIABATIC EXPAN-
SION WITH ALTITUDE

STRATOSPHERE

TROPOSPHERE

ALTITUDE

TEMPERATURE

‘Figure zZ. lapse rate of air and heliunm.

Here, below point A, the lifting gas will be warmer then the air,
Above point A, the lifting gas will be cooler than the sir. The

effect of this temperature difference on the 1ift (as shown in the
previous section) is approximately AL:=L AT |

. T (I-B)
Thus, as & balloon system passes through point A, it will have less
lift than at release. This effect has been observed on several
flights, where a balloon system slowed down during ascent through
e temperature inversion.

Since the effect of the sun in heating the lifting gas decreases
the effect of different lapse rates, the effect is not as noticeable
during the day as at night. At night the balloon system mey pass
through an inversion, lose its 1lift, and remain at an altitude much

below its estimated floeting altitude until warmed by the sun's rays
at sunrise.



E.

This effect adds to the stability of stratospheric balloon flights,
If & system in equilibrium in the stratosphere were to lose lift
end descend, the compression of the gas would cause an increase

of the lifting gas temperature relative to the air temperature,
causing a decrease in unbalance.

Sihilarly, an initial unbelance causing rise of the system would
cause relative cooling of the lifting gas and thus agein decrease

-the unbalance. Hence, the rate of rise or descent in the strato-

sphere will be 1limited by the rate of heat exchange due to con-
duction ard radiation, which will counteract this effect of
adiabatic heating or cooling.

Empirical evidence indicates that there is & great deal more
stability in & stratospheric balloon system than in a similar
system floating in the troposphere. This "adiabatic stability” is
e principal reason for better performance of stratosphere flights.

Diffusion and Leakege of Lifting Gas

The lifting gas of a balloon can be lost by:

leaskage through smell holes in the fabric or film;

solution, migration and eveporation through febric or film;

true molecular diffusion through openings, such as the
appendix opening,

(1) Leakage

Volumetric flow,Q,of a gas through any given opening in the
belloon surfece mey be evaluated as a function of the area of
the opening, A; the pressure head causing the flow, hgand a co-
efficient of leakage,Cqy.

(1) Q = CgAVv2gh where g is the acceleration
due to gravity

It would be difficult to evaluate the amount and area of holes
in the belloon surface., Let us, then, compare the rate of
‘leakege at any given altitude with leakage at sea level, rather
then attempting to evaluate the leakage at a given altitude.

First we shall compere the rate of leaksge of a full balloon
at any given altitude with leskage of & full balloon at sea
level. Let us assume that the area of any opening in the sur-
face of the balloon does not vary with eltitude and that the
coefficient of leskage is constent. Thus:

(2) Q ~ vh where h is pressure head in
feet of lifting gas




However:

(3) h = BB x 44
dg
where Ap is the pressure difference across the opening (psi)

and dq is density of lifting ges (1b./ft.3). Combining equa-
tion ?2) and equation (3):

(4)

The pressure difference across any given opening can be eval=-
uaeted in terms of: height above a kmown point of zero pressure
difference; rate of pressure change with altitude of the at-
mosphere (which, for eny small section of altitude is assumed
to be constant); and re%io of the densities of air and the
lifting gas. Since the pressure difference across the appendix
opening is zero this is our reference point for eveluating
height. Figure 23 shows this pressure relationship in graphiec
form,.

et

hy

Figure 23. Pressure difference across balloon.




This relationship is expressed as:

(5) Ap = Az (%Hair (1-8)

M
where B = 'ﬂ'g' ? Mge'Mo are molecular weights of lifting
gas and eir, QQspectively.

Since, for & full balloon, A2 is constant at any altitude, and
B (for our discussion) is &_constent:

(¢
dz Jair

dg

(6) Q e

The mess rate of flow is equal to the density of the lifting
gas multiplied by the volumetric rate of flow:

() L= Qdﬂ =< (%g—)air dg

Since the number of openings will not change with altitude,
equation (7) expresses the relationship for mass rate of flow
from e full balloon for any altitude., The leakage at any
altitude mey be expressed as a function of leskage at ses
level:

4 2?.) Il
Lz _ (dz air-2 dgz_
0

As an exemple, let us compere the leakage retes of a lifting gas

through & full balloon at see level, at 40,000 feet and at
100,000 feet.

b1titude | (dp/d2lgiy | dg
0 1 1013

27 Z88R

k0,000 1 188
112 Z18R

100,000 1 10.9
880 ZIBR




Compering rete of leskage at 40,000 feet with leakage at
see level:

Leo _ /27 . 188 288 .
Lo “\/1iz 1013 218 * 0243

Comparing rate of leskage at 100,000 feet with leakage at sea
level:

Lioo _ 27 _ 109 288 _
Lo -\/78s0 TToi3 zis * 9:04¢

Therefore, if leakage of & full balloon et see level is krown,
it is possible to compute theoretical leekage at any altitude.
However, if it is not possible to completely inflate & belloon
on the ground in order to make a sea level test (if 1lift would
be great enough to rupture balloon or load lines), a method of
comparing full balloon leakege with partially full ballcon
leakage must be found.

Let us assume that it is possible to obtain results of a

leskege test for & bslloon inflated to a volume 1 of fullbal-
loon volume. Agein starting with equation (1):

Q = CgAv2gh

We see thet in this cece the total area of openings, A is not
constant but is a function of volume. Therefore, we have:

(8) Q o AYh

We have shown thet:

(@l a0
he AP 44 . A\dzjair(i-B)

g dg

144

Since we are compering pertielly inflated balloon leskege at
sea level with fuvll balloon leaskage at sea level the variable
in the above expression is Az . This is graphically illus-
trated in Figure 24.
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Figure 24, Comparison of gressure head across
partially and fully inflated balloons.

Thus, the relationship is:

(9) Qec AVAZ
(10) Qoc vE VvE o= v

Since the density of the lifting gas is éonstant, we mey then
express mass leeskege as:

(11) Loc v

And then, to compare leakege of a full balloon with leskage of
a balloon 2% full:

[}
(12) L. = Ly(x)®




Example: If & 20-foot diemeter belloon 1 full were tested et

10
see level and found to heve a leskege rate of 50 gm/hr. the
leekage rate of a full 20-foot balloon at sea level would be:

3
Ls = 5031 (10)¢ = 34088

The leaskage of & full 70-foot diameter balloon et sea level in
this case would be:

L¢= 50 °" [|o 3]5 =7820 GM/HR

Values for leakage at several different altitudes for 20-foot
and 70-foot diemeter ballcons, assuming a leakage of 50 gm/hr.
for a 20=-foot balloon 1 full at sea level are:

10

Altitude (MSL) 0 40,000 ft. |100,000 ft,

20-ft. diam. [340 gm/hr. 83.2 gm/hr.| 15 gm/hr.

70-ft., diem., |7820gn/hr. {1912  gm/hr.| 345 gm/hr.

Another consideration is thet relationship expressed by the
kinetic theory of gases regarding gases at low pressures. The
kinetic theory states that there is & molecular type of flow
across a thin diaphragm through openings whose dimensions are
of the order of the length of the mean free path of the mole=-
cules involved, Mass flow of the gas is then:

s . 29.
Ap A\lzn

Ap = is the pressure difference across the film

where:

A = area of the opening

dg = density of the gas in question

This relationship, however, becomes valid only at extremely
low pressures, and when considering balloon systems at normal
floating levels the more common fluid-flow relatlonsblp will
control the rate of loss of 1ift through openings in the film,
It would be of little use then to investigate further the leake

ege of gas through openings by means of the relationships in-
volved in the kinetic theory.




(2)

(3)

Solution, Migration and Evaporation through Film

A very slight amount of lift is lost through solution of the

gas into the balloon film, migration through the film end evapora-
tion into the atmosphere. The rate of this type of diffusion

is a function of the characteristics of the lifting gas and

the pertiel pressure involved., Since the lifting gas is
assumed to be very nearly pure, the partial pressure is merely
the pressure of the atmosphere in which the balloon is flesting.
This method of diffusion need not be considered when ex-
amining the loss of & balloon's lifting gas since it is of a
low enough value to be insignificent as compared with the loss
of gas by leakage through openings in the film.

Tests have indicated that this type of diffusion through ,001"
polyethylene has & value of approximately 4 liters/%wter%/hay.
At sea level this is equivalent to 5.32 gm/hr. for a 20=-foot
diameter balloon. At 40,000 feet MSL the value would be
approximately 1 gm/hr.

Diffusion through Appendix

We have seen that there is no pressure difference across the
open appendix of the belloon during floating. Therefore, the
loss of lifting gas through this appendix (except when the
balloon is rising and gas is being valved out of the appendix)
can be only by true intermolecular diffusion of the gas into
the atmosphere and air into the lifting gas. The expression
for loss of lifting gas by diffusion is similar in form to the
expression for transfer of heat through a given distanee by
conduction:

(13) dN_ _pINgydx

dt dz
where:

Eﬂ! - time rate of transfer of molecules of gas
dt  across the area dydx in directions

D = & coefficient of diffusion, dependent upon
viscosity and dersity of the ges involved (D=C-4)

dN _ varietion of molecular concentration with
dz ~ verietion in directiong
dydx = the differential term for area.

Then, since a molecule of lifting gas has a given weizht, we may
state that:



(14) g!tls'Kgg'

whei'e K is a constent.

We may stete the relationship (13) in terms of rete of trans-
fer and area of the opening, assuming dN to be constant across
the opening: dz

(15) W= _gpdep

where: .

3%‘: mass transfer of lifting gas

dC . variation of concentration of lifting gas
Z in direction @&

A = area of opening

In order, then, to determine the reate of loss of lifting gas
by diffusion through the open appendix we must:

(a) determine the relationship between the coefficient of
diffusion, D, and altitude (or pressure and temperature)

(b) determine the loss of lift by diffusion through the appendix
at any convenient altitude (i.e. at the ground)

(¢) derive 2 relationship between loss at the ground and loss
at any altitude.

However, determination of wvaelid relationships to find diffu-

sion through the eppendix opening would require large scals
laboratory testing end then tedious derivation of mathematical
equations, & study in research in itself. It was deemed more
practical to. reduce or eliminate this type of loss of 1lift

by reduction of the erea of the opening by use of a relief

valve system as explained in Part II of this report, "Operations,"”
PP 8-14, :

F. Bursting Pressure end Appendix Considerations
Bursting presSure_ of a balloon cen be computed from the equation:

(1) Ap.-:&-gﬂ for failure of.thé fabric or film,

where:




Ap = bursting pressure (psi)

Sf = meximum allowable tensile stress of fabric
or £film (psi) (for safety S§=1/2 Smox
where Smox=maximum stress in tension

t = thickness of fabric or film (in)

D= ‘balloon diameter (in.)
or:
(2) Ap = 3—%1 ' for failure of seams

where:

Sg = meximum allowable tensile strength of seams
(1b./in.)

D=balloon diameter (in.)

In general, e balloon should be menufactured so that any failure

should occur first in the fabric or film and thus the tensile

stress of this fabric or film will be the factor in determining bursting
pressure.

Since the non-extensible balloons used in constant-level work by
the N.Y.U. group have been of the open-appendix type, bursting

due to excessive super-pressure has not been a problem. Strength
of the balloon must be considered, however, from the standpoints

of back pressure induced during rise of a full balloon and pressure
distribution of the lifting gas itself inside of the balloon.

(1) Pressure Distribution of Lifting Gas

It was shown in the prévidus section that the pressure diff=-
erence across any portion of the balloon surface may be equated:

rnpe = Az 3P -
(3) Apg = AZ —= (1-B)

A plot of Ap against Az would then be a straight line at
any given altitude. Maximum allowable balloon pressure-=
equation (1)=-may be plotted as & function of A# , rather
than diemeter for eny given horizontel plane of the balloon
surfece, # . Using this relationship, cutting any horizontal
plane Z-Z across the balloon (Figure 25), the diemeter of the
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balloon at any point g mey be expressed as:
' /2
i 2
9~ (e 2]
- 2|(3 2

r /2
(4) =2 DA?.—-Aza]

'I‘herefore.,,-maximum allowaeble balloon pressure at eny plane Z-32
will be:

. 4Sgt
®) Ap, = 2(DAz — Az?)'/2 sl

Equation (5) mey be plotted in terms of bursting pressure and A2
for any given diameter balloon. A straight line through the
origin end tangent to the plot of Equation (5) will indicate
the maximum ellowable(dp/dz) (1-B) for eny given diemeter bal=-

loons Comparing the meximwm allowable (dp/d!) qr With & chert

of eltitude vs. pressure in the atmosphere will indicate the
minimum altitude at which the balloon can be allowed to be full.
From an altitude-buoyancy teble for any given diameter balloon,
the maximum allowable buoyancy, or meximum allowable gas in-
flation can be obtained.

Figure 26 is a plot of equations (3) and (5) for .,001" poly-
ethylene (sz 900 psi ) balloons of 20', 30' and 70!
diameters. ]

70’ Diam. Balloon

70

T
eol—® b= Ap. = 4sst i
=—"4P " FDar- artit ™

Aes - 1.
e

sof— .\
S :
&l (@ .
P (%) 0-8) - 25610 poish
Q
N 30/ Diam. Balloon
\

Ap - psi

Fig. 26, Fig. 26,
Relationship d/AZ, for balloon. Graph of equations (3) ana (5).




We see that the maximum allowable (dp/dz)c (1-B) for & 30' diametes
«001" thick polyethylene balloon is 256xI0-3 psi/ft . Dividing
by (1-B) we have the maximum el loweble:

s )
(dpsdz), = 236 KI0" .+ 300 %10 psisft=>

20.7 x 10-3 mb/ft

This is comparsble to an altitude of 18,300 ft. or a gross
buoyancy of 450 lb., the maximum ealloweble infletion of a 30!
diemeter, 001" thick polyethylene balloon from the stand-
point of pressure distribution.

In order to determine mathematically the point of failure due

to pressure distribution we mey use equetions (3) and (5) and
their derivativess

A p? 2z ($B),, 0-8

- 4S¢t
APr = ZDAZ-AZHE

at the point of tangency of these curves (T in Figure 26):

Aprs= Aprsg and (%%)13‘(%%)15
asft .k

in equetion (5), meking 2 end in equation (3), meking
(dp/d2)q(i-B) =m , the slope of the line Apg=AZ-m

we have:

K
(5a) Apz= (DAZ - AZ2)V2

and:

(3a) Apg=mAZ

dif‘ferentiating' with respect to 2

dp . _ K (D-24#)
(e0) 4z — T 2 (DAZ-AZD

(3b) dp

"

=50~




(2)

Since at T, (%%)3 y ('g%)s

K _D—2A%)
m==2 (DAZ-AZ2)32

ard, since at T, Ast"' Apis

AZ, =— KAZy (D-ZAZT) - K
mes 2  (DAZ,—AZ3¥% (DAZ - AZ2)2

and:

AZ, (2AZ,-D) = 2(DAZ;-AZ%)

AZ =3%0D

Then:

Ap, =

K K
(% D2~ I%Dz)llz - \@D

() o KERDec
dz air 2(1 02_1102)3/2 3{3 D2
Allowsble : 4 ©

92) . 6K .1

(dz air 303D 1-B

For the example above,

D= 30, S;=2%  t:=o00lin , B:=-$3f = 0.138

Then : (helium)

dpy . 16.4 900, .00i _ I ,
(—i)air T332 __gg (30¥-12 (1-0.38) psi/ ft

Alloweble (_%;L) s 0.298 - 1073 psi / ft
air

= 20.55 mb/ ft

This is comperable to en sltitude of epproximetely 18,200 ft.
Thus the mexirum eallowable buoysncy for a 30' diemeter, .OO01"
thick polyethylene balloon filled with helium is 440 1b.

Appendix=-Cpening Considerations

As sn open-spperdix, constent-volume ballcon escends the
lifting gas will expend due to the decrease in the pressure




of the surrounding atmosphere. Upon reaching the altitude at
which it:is full it will still have en unbalance in the
direction of ircrease of altitude due to the excess buoyancy
causing ascent, This unbelence is graduelly decreased as the
balloon rises (with a fixed volume) into less derse eir, Mean-
while excess gas pressure is relieved by velving gas through
the eppendix until the balloon system ic in a condition of
equilibriume. The porticn of the ascent after the bslloon hes
become full is known es the "leveling-off" period.

The lifting gas which is velved out through the esppendix will
cause 8 "back pressure" inside of the balloon which must be
transferred to the balloon fabric or film. In other words,
there must be & pressure difference across the appendix opening
during this period to force the excess lifting ges out of the
balloon. Let us enalyze this back pressure by the method used
by Picard. Using the rules of subsonic aercdynerics, Picard
suggests that air et sea level escaping at 1333 ft/sec. pro-
duces & beck pressure of 1 atmosphere and that back pressure
induced is proportional to the square of escape velocity of
the gas and inversely proportional to the density of the gas
escaping. Volume of gas lost in ascent through 1 foot is,
within & reasonsble degree of eccuracy:

(€) AV _Vdp T+AT
AZ P dz T
A,

AZ volume lost per foot of ascent (ft.s/Tt.)

V = belloon volume (ft.Z)

©
u

pressure of free air (psi)

= pressure chenge with increase of Z (PSi /ft )

_.‘.
"

tempereture of eir (°C abs.)

4]

change in air tempereture during rise (°C)

AT

For ascent in the troposphere this relationship will reduce to:

AV v ey

(") RZ * 37800

The velocity of escape of ges, then:

dz \'A |
8 S — »
®) V* 4t 77,800 Aq

V = velocity of escape of lifting gas (£t./sec.)

(2]
«5Ca




Q.
~

rrli ascent velocity of ballcon (ft./sec.)
\'J
ww——e—w- = volume of ges lost per foot of ascent (ft.3/ft.
Ag = sarea of appendix opening (ft.2)

The back pressure caused by this velocity:

d
: 2 g
(9) H ( v ) . e
Ap = (—m333—) © 147 G
Ap = back pressure induced (psi)
vV = velocity of escape of gas (ft./sec.)
dq = density of lifting pgas at altitude ]
g9 ¥y
of balloon (1b./ft.%)
dg, = density of air at seas level (1b./ft.%)
14.7 = pressure of air at sea level (psi)
1333 = escape velocity of 2ir to produce back pressure

of 1 atmosphere at sea level ( ft/sec)

or, combining equation (8) erd (9):

(d_é.__v_._L.)’ 4

dt 27800 .
10 . 4.7 % psi
(10). Ap (1333) da, |

As an exemple, let us find the back pressure induced in & 20!
diameter belloon with a 1' diameter opening ascending st
800 ft./minute, as it becomes full at 30,000 ft. (density of

helium & 30,000 ft. - 298.282. o |38 da, )

(899 720> 4

. 4 .
= ' ) z ", psi
_ 1333 14.7 + 0.051=.275x | C.P

It is to be noted that equation (5) can be errived at by more
simple recorstruction of the stendard equation for fluid flow:

v Ap:.o =

(11) QY . cqAqVzen
-aﬂ' = volume rate of flow (ft.5/sec.)
Cq © e constant of flow '



[[=]
L]

the acceleration of grevity (ft./sec.2)
Ag

ares of the opening (ft.2)
h = heed of fluid ceusing flow (ft.)

sirce h 144 Ap , We have:

= dg
(12) _ d I dv¥ :
2+ 558y (oam §F) oe

where dg is density of the lifting ges (lb./ft.s).

From equation (7) we have:

v . de V. __ 3
gt ° 4t 27800 It /sec

therefore:

(13) . 49 (1 2 _V_V opsi
Ap = 2889 (('.‘dA,J dt 27800) P

Comparing equations (10) and (3) we see thet if the equations are
equel:

| 147

2889C2  1333%dqo

If we let Cd =.975 , & reasonable value for the relatively
low velocity flow of gas through the eppendix, we have:

2
2889 C2

= 113.5 x 10"% ft-sec?/in®

14.7

——"— = 114.8 x 1076 ft-sec?/in?

13332 d4,

Therefore, the equations (10) and (13) are equel and inter-
changeable.

It mey be noted from equetions (10) and (13) that for any given
balloon, appendix ares and balloorn volume are fixed, and the
releted veriables are lifting gas density, rate of rise, and
allowable bsck pressure. For eny given allowable back pressure
greater rates of rise are allowable at higher altitudes (where
dg is lower).

Once & floeting mltitude has been decided upon or it has been

decided to carry e given load as part of the balloon system, we
can find & mexirum allowable rate of rise., We must consider




the pressure distribution of the lifting gas and the internal
back pressure dus to velving gas., To find meximum rates of
ascent for various balloons would necessitate a complicated
series of triel and error solution. 1In general, it has been
more practical to determine & maximum rate of rise for normal
operating conditions for eny giver size belloon by finding the
maximum allowable rate for the balloon rising to its lowest
normal operating level (i.e., we will find the meximum alloweble
rate for the worst normel operating conditions and consider

it a meximum for all normasl operating conditions. )

Let us take the case of & 20-foot diameter polyethylene balloon
of +001" thickmess. Lowest normal floating altitude is 20,000 ft.
MSL., Let us assume thet the balloon will be full and begin
valv1n% gas at 15,000 ft. MSL., Assume the sppendix diemeter

to be 5 foot. Us1ng equation (1) to find meximum allowable
internal pressure end assuming the critical x-y plane to be that

of maximum dismeter AZ = D/2 , we have:
. 4S5¢t  _ 4(900/2)..00! :
Apgll. = ) 1530 = .0075 psi

(Here we have introduced a factor of sefety by ssying S§ =900/2
instead of 900 psi, the ultimate strength in tension of poly-
ethylene.) Pressure distribution:

APy ,Azgﬂ (1-B) = £2.3.38107%.862 =.0029! psi

Alloweble back pressure:

A pbp s Apun - Apo/z .0046 psi

Maximum rate of rise using equetion (13);

dZ ZBBAPb g 27800 '
— p ft
a1 / - ( y CdA) /sec

g

100.7 ft/sec

6000 ft/min

It is evident from this calculation that the rate of rise of the
20-ft. diameter polyethylene btalloon is not a critical factor
in bursting unless the open eppendix becomes snarled and ges is
not allowed to escape.

Rate of rise and appendix openings are importent from the stand-
point of balloon design. For operationsl reascns it is important
to have a rapid rate of rise. In order to meke most efficient
use of weight, the balloon film should be thin. As mentioned
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in the preceding section on diffusion snd leakege the asppendix
opening should be small, It can be seen that as we meke one
of our conditions better, we must sacrifice at least one of
the others. Therefore, balloons must be designed compromising
rate of rise, balloon thickness, and esppendix opening. Methods
of decreasing the eppendix opening, except during the valving
of lifting gas, are discussed in other sections of this tech-
rical report. In generasl they consist of means of epplying

8 delicate relief valve, capable of opening to a lerge area
with application of only slight irntermel pressure, and also
closing tight upon release of this internal pressure.

A General Equation of Motion

If we collect and relate the variables incidental to balloon flight,
we may form & general equation of motion. This is most easily ex-
pressed in terms of forces acting upon the balloon system. We may
equate en acceleration term plus & drag or friction term against ¢
term to include all other forces::

(1) mpDz + n(Dzf = IF

This is a differential equetion of a type common in mechenical vi-
bration problems, end solution for the variable Z would not be
difficult if relationships of the meny variables included in the
the terms N end XF were simple. However, the complexity of the
balloon system introduces meny terms as perts of n and F .

We shall first state the more complex form of equation (1) ebove
and then attempt to explain the variables included in each part of
the equation. As will be shown, it is extremely difficult to find

‘a complete solution of the equation since many of the wvariables

are in themselves extremely complex and at this time incapable of
acourate solution. Therefore, our discussion will be more of a
qualitative rather than a quentitative nature.

The general force equation is:
(2) W0's+C LA = V(AP - W £ Form

The force dus to acceleration F = XJ__ Dzi
where: A g

weight of the balloon system

=

g = sacceleration of gravity
D# = acceleration of the balloon system (An

acceleration in the direction of greater
altitude is corsidered positive.)
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The force due to friction or drag fp~ Co‘zg A Dz (This assumes
thet there is no vertical motion of the air in which the balloon
system is floating. We shall later consider the case where an
atmospheric force is causing vertical motion of the air.)

Where: :

P = mass density of the air surrounding the
balloon system

projected area of the balloon on & plene
perpendicular to the relative velocity

>
u

vertical velocity of the balloon system
(Velocity in the direction of greater altitude
is considered positive.)

Dz

(2]
o
"

a coefficient of drag, dependent on Reynolds
number Ne = Dzd P where:

d = diemeter of sphere (ft.)

P = mess density of surrounding
fluid (lb' SecC. )

ft.

H = viscosity of surrounding fluid

1b. sec.
)

A plot of drag coefficient epeinst Teynolds number for a sphere is
shown in Figure 27,

100

AN

\‘n L
—
0.
| 10 0% 0% 104 108 10°
Na

Figure 27. Drag coefficient vs. Reynolds Number, for sphere.
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If a balloon is teardrop in shape rather then spherical, the curve
would be modified so thet the value of ., for a given Reynolds
number would be lower. In this case the sudden drop in CD

as Reynolds number increases (the change from viscous to turbulent
flow) would occur et & lower Reynolds number.

We have thus far in our discussion assumed that there is no verti-
cal motion of the air surrounding the balloon system relative to

the coordinate 2 . However, this is not necessarily the case

under sctual conditions. In meny instances vertical sir movement is
found in the etmosphere. Therefore, we must introduce & term to
ellow for this vertical air movement. In equation (2) this term
was indicated as &F, , the externsl etmospheric force.

We may consider this vertical air movement. in terms of a velocity DL.
Then the verticel wvelocity of the balloon system relative to the

air surrounding the system will be the difference between the velo-
city of the balloon relative to the absolute altitude Dz end the
velocity of the surrounding eir relative to the absolute altitude
This may be equated as Dz- D{ , where Dz and D are both con-
sidered positive in the direction of increase of altitude.

The total force due to the drag, or friction will be:

o Farm”® Co‘:'A(Dz' D§)2

where the notations are those used previously, except that now
NR: _QLQE___" « The relationship between NR and anill be those

used previously.

F,+F

The force due to buoyancy of the lifting gas FB = Vb (‘Pa“Pg‘)
where:

Vb= balloon volume (ft.%)

PP density of the air and lifting gas, respectivel
a*g  (1b./ft.3) ’ Y
P

)

P
This term may also be stated as: F = Vb (R—O%O- - Rg

where:

po’pq = pressure of air and lifting gas
RO'RQ = specific gas constant of air and lifting gas
To,Tg = temperature of air and lifting gas

The changes that will take place in this expression are those due

to & temperature difference between the 1ifting gas end the free

air, chenge in volume of the balloon due to loss of 1lifting gas,
change of the gas constant of the lifting gas due to dilution with

air, and (in the case of a balloon that will hold an internal pressure)
pressure difference between lifting gas and surrounding air. -
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Temperature effects were discussed previously in this report.
Those discussions on superheat end ddiabatic temperature change
will apply to the generel equation. In general, temperature of
the free air and lifting gas can be measured to a fair degree of
accuracy.

Balloon volume &t eny time is & function of original full balloon

" volume plus the summation of all the changes in volume due to pres-
sure and temperature changes and loss of lifting ges. It will
also be affected by loss or gain of air by the balloon through
diffusion end intake of air through the appendix. The non-
extensible balloon will have & meximum volume and thus eny changes
tending to increase the gas volume to a valuwe greater than the
balloon volume will result in a valving of the excess lifting gas
into the air, or (in the case of a balloon which will carry in-
ternal pressure) a pressure increase of the lifting ges.

It is for this reason that & non-extensible balloon is said to be
in e state of stable equilibrium in e direction of greater alti=-
tude when it is full., Eowever, in & direction of lesser altitude,
and with the case of & pertially full floeting balloon, the system
is in & state of neutral equilibrium.

Composition of the lifting gas will change due to conteminetion of

the lifting gas by the entry-of eir into the balloon, either by the
flow of air through the eappendix opening or by diffusion of zir into
the balloon. Vie mey then modify our term for density of the lifting
gas to include a term for the pure gas and a tem for the contaminating
air. Using the method of pertial volumes, we mey equete the density
of the lifting gas at any time by:

Pg: __pg_(._YD_.,._YL)

where: Vb Tg Rp Rg
pg = pressure of the lifting gas
Vb = total lifting gas volume
vp = volume of pure 1lifting gas in balloon
VO = volume of air in balloon
Rg = specific gas constant of pure lifting gas
Rq = specific gas constant of air

Then, calling —vv£= Xp end -vYﬂ-= Xq (here we see that since
b b

Vp + Vg = Vb’ xp+ Xq ® 1) we mey equete:

P

)
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The equation for the force due to buoyancy will then becoms:

s % [_1" '1’]'('52 )]

Ifr the balloon is of the type that w1ll carry no intermal pressure
paa pg , and we may state that:

| X
F, =V, By [ﬁ;'—;;","rl; (7 +‘E‘f;)]

Discussions of the contamination of the lifting gas are included under
the section on "Diffusion and Leakage of Lifting Ges" of this report.

The force due to the weight of the system Fw = =W The weight
of the balloon system at eny time is & function of the originel
weight of the system plus the change of weight of the system. This
change in the weight of the system is caused by the loss of ballast
‘and the weight of the system gt eny time ( 1)

W, - Wo— Saw,
te0
where:
W, = the originel weight of the system
EOA W = the sum of all the losses of ballest from
time at which W= Wg until the time ¢

The velue of the term zAWb depends on the type of ballast control.
With no ballast:

ZAW =0 and W;= W,
420
If a constant ballast f‘low is used:
dw
Sawy = gyt

where: +10
%1! : rate of ballast flow
t = elapsed time from t=0 to t=t

If a practical fixed opening type or pallast control is used:

where:
t = time

h = head of ballast above opening

Ky = viscosity of ballest fluid
Pb = density of ballast fluid
A = area of opening |
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The ballast flow et eny time, t:

:rl C':P Av gh

Zaw =/c,,pbA\l§gh dt

. so that:

where:

C. is a coefficient of discharge, dependent
upon Reynolds number of the flow through
the opening

In this equeation onlyvz_g- end A are constants (if temperature
effect on the opening A is neglected), Pp is dependent upon tempera-
ture of the fluid end h is dependent upon the shape of the vessel
conteining the fluid and time t.

If ballast flow is controlled by atmospheric pressure:

> L _dW
EAwb : ?;-o at tp> >p, , with a fixed valve opening
(open-or-closed velve)

where fP>F’° represents the time when atmosrheric pressure is
reater than the pressure of control. Here, again dw
g P s 88 ’ FP A/Eg_

dt
With ballast flow pronort&'t‘odnal to P— P, :
g Zat! oy (p-p,)
-t?oA s dAp PR _'p>pc
where : :
d(j":,) relationship between rate of flow and
W pressure difference (. P-P, ) where p >P,

If we include a rate of pressure change control or a rate of ascent

control such that there is no ballast flow if rate of pressure

change is less then some value -‘.‘é%) or rate of ascent is greater
h

then some value (SE) we impose th' cbndition for ballast flow in

the above two cases that for flow to occur P>p, » end dp > (92)
or <(%'1 dt ~ \dt/e
c

We mlght also heve a control that will open or close & valve on
rate of pressure change such thet:

Saw, -3 ¥
& dt 92)(971

dt “\d




t .
where %%> (iL) is the time during which pressure change of
the air surroen51§% the balloon is greater then a design value
of pressure change causing ballast flow.

The generel equation, then, indicates the relationships between

the veriasbles involved in balloon flight. The discussions in

this section of the report, "Equations and Theoretical Considerations,”
attempt to qualitatiwly orgeanize the reletionships between these
varisbles in order thet & complete overall picture of the aspects

of balloon flight can be formulated.

It should be stressed that the theoretical relationships as stated
here do not lend themselves to simple insertion into en overall
equation which is easily solved. Rather, solutions of many of the
varisbles are in themselves complex, At this time it appears im-
practical to delve too deeply into such matters as "the variation
of diffusion and leakege through various types of balloons under
dif ferent conditions™ or "a study in the change of coefficient of
drag on a belloon system &t all points during its flight." It
has been more practical to generally state the relationships in
unsolved form and concentrete the experimentel portion of the re-
search problem on such metters as actual development of balloon
controls.

V. TELEMETERING

A, Information Transmitted

The need for & balloon-borne transmitter and some system of ground
receiving and recording was recognized early in the work of the pro-
ject. The primary objective of such telemetering was to collect
date to evaluate the sltitude controls applied to the balloon sys-
_tem. Pressure, perhaps the most irportant date, was measured by

the use of radiosonde-type aneroid cepsules. A discussion of the
pressure modulators used is given in the following section.

A second use of asir-borne transmitters was to provide a beacon for
radio direction=-finding. With proper equipment & balloon-borne
trensmitter can provide a signal to guide an eircraft, homing with
e radio compass, or provide a position "fix" by the crossed azi-
muths of ground receiving stations.

In addition to these two very important functions of altitude
determination end positioning, telemetering systems were used to
detect end transmit temperature data and ballast flow data. The
equipment used for these purposes is described below,



B.

Transmitters Used

(1)

(2)

72-Megacycle Radiosonde Transmitter (T-49)

The standard T-49 trensmitter of the Army Weather Service was
first used in project work, with & modified commutator bar
switching specially coded resistors into the circuit. as the
balloon passed from one critical pressure to snother. The
operating characteristics of this transmitter mey be found in
the following publications: T.B. Sig. 165, T.M. 11-2403,
T.M., 11-2404 and the Weather Equipment Tecbnlclan s Menual.

The defects which were encountered in the use of this trans-
mitter were principally (1) relatively short range and (2)
unfitness for direction-finding using availsble equipment.
Our experience has been that reception from the T-49 trans-
mitter by stendard equipment is not much above 80 miles under
good conditions. When flights were mede which traveled many
times this distances, the inadequacy of this trensmitter was
clearly demonstrated.,

The problem of direction-finding is of mejor importence when
attempts are made to position end track the balloon and its
equipment train. Since no stendard directionel receiver equip-
ment is available for this use with the T-49, this treansmitter
is of limited value.

400-Megacycle FM Transmitter (T-69)

The T-49 transmitter was abandoned in favor of the T=69 400-mc
system as soon as ground receiving equipment for the letter was
available. By using the directional receiving set SCR-658
with the T-69 transmitter, the problem of direction-finding
and p031t10ning wes attacked. A second adventage enjoyed by
this system is the improved range attainable.

Our experience has been that an SCR-658 set in good condition
can receive a signal up to & renge of 150 miles, providing
thet the line-of-sight transmitter is hizh enough to preclude
blocking by intervening terrain. The use of two or more sets
to increase the area of a tracking net is discussed under
"Redio Direction-Finding" below.

The operating characteristics of the T-69 system and the SCR-658
may be found in these publications: T.B. Sig. 165, T.M. 11-1158A,

Pressure indicators were obtained, as with the T-49, by use of
the modified commutator bar- sw1tching specially coded resistors
into the circuit as the balloon passed from one fixed pressure
to another. A few special tests were made of a chronometric
system of pressure modulation. For & complete discussion

of pressure modulation methods, see Section VI, A.



(3) Low-Frequency Transmitter (AM-1)

A low=frequency trensmitter developed by the Electrical Eng-
ineering Department of New York University was adapted to re-
plece or supplement the T-49 and T-69 transmitters. The
carrier frequencies used have been in the region 1 mec to

3 mc. The schematic of this set is shown in Figure 28, as
operated at 3135 kec. The output is epproximetely 2 watts,
and & typical air-to=-ground renge is 300 miles, although
reception of more than 450 miles has been attained by both
grownd and air-borne receivers.
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Figure 28, Schematic diagrem, AM-l transmitter.

Information is introduced in & mamnner similer to that employed
in conventional radiosonde transmitters: resistances are
switched into the blocking-oscilletor grid circuit. In the
case of pressure or ballast-count, fixed resistors causing
distinct blocking frequencies are used; for temperature, the
switch introduces the trermistor resistances.
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C.

D.

When this transmitter operates at e lower frequency, say
1746 ke, the standard aircraft radio compass can be used to
find the direction to the transmitter. No suitable standard
equipment for ground direction=-finding has been available to
the project.,

Receivers and Recorders Used

For the T-49 and T-69 rediosonde transmitters, standard ground-
station equipment was used to receive ard record the signeal., An
appropriate receiver (National 110 for the T-49 and SCR=658 for the
T-69) feeds the signal through a frequency meter and into a Friez
recorder, model AN/FMQ-1(). With this system, frequencies between
10 and 200 cycles per second can be recorded.

When the Olland-Cycle pressure moduletor is used, (see Section VI,
A,3) with low-frequency pulses indicating the completion of the pres-
sure or reference circuit, a recorder made by the Brush Development
Co. (Model BL 212) replaces the Friez recorder and frequency meter.
With the AM-1 transmitter, the usual ground receiver has been the
Hammarlund Super-Pro MNodel SP-400-X. For aircraft operation, an
aircraft redio compass such as.AR/@RN-Y' is used.

Batteries Used

To extend the life of the batteries used with the T-49 and T-60
trensmitters, experimental packs were developed using both dry
and wet cells. A typicel "l2-hour" dry-cell pack for the T-69

.. was composed of:

B supply: 135V--1 ea. B9OFL (especially assembled for N.Y.U.
’ by Burgess Battery Co.) or 6 ea. Burgess
XX30 in series--parallel

A supply: 6V--1 ea. Burgess 2F4 or 2 ea. F4H in parallel
C bias supgly: 45V tap of BYOFL or XX30 assembly

With an AM-1 transmitter, the input power required is es follows:
"B" supply, 270 volts at ebout 300 millismperes; main "A" supply,
1} volts at 600 milliemperes; and & separate "A" supply for the
power emplifier, 1l volts at 200 milliemperes. The battery pack
includes 8 Burgess XX45 or Eveready 467 in series--parallel;

2 Burgess 4FH batteries in parallel; and one 4FH, respectively,
This pack lasts about 20 hours in flight. Also ircluded in the
bettery container were batteries for suxiliary functions such as
Ollend-Cycle or progrem-switch motors, bellast-control relays,
end bring-down mechenisms.

The problem of operating at cold temperature was given much consid-
eration. Special cold temperature batteries were tried with in-
sufficient difference in performance to justify the edded expense
end difficulty of procurement. In addition, it was felt thet
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mass=-production methods and quality control associated with stan-
derd dry batteries gave greater assurance of satisfactory performence.

Subsequent measurements made of the temperature inside the trans=-
mitter battery peck showed that the temperasture cen be mainteined
ebove =10°C if the transmitter and batteries are housed in a box
insulated with one-to two-inch walls of Styrcfoam. This insulation
is effective even through long nighttime periods when no solar
heating is added.

One type of battery tested in flight was & light-weight wet cell
(Burgess Type AM) of the "dunk" type, (megnesium ¢ silver chloride).
These cells were vacuum-packed to provide indefinite shelf-life.
Activeted by immersion in water just before release, they were ex-
pected to produce & constant voltage over e period of 6 hours to
overcome cold temperature effects. Those units used proved to be
rather wnsatisfactory and subject to erratic behavior. Further-
more the cost of the cells was very great compared with ordinary
cells.,

Radio Direction-Finding

For ground stetions, when the balloon-borne transmitter is a T-69,

the SCR-658 RDF set hes been used., With such a set the radio sig-

nal can be picked up at distances up to 150 miles and good azimuth
bearing mey be obteined (accurate to less than one degree). Although
the elevation angle mey be obtained with equal accuracy when free
from distortion, angles of less then 13 degrees are usually affected
by ground reflectior to such an extent as to render them velueless.

To extend the reange over which such sets were effective, two or more
usually were used, positioned elong the expected treck of the balloon
at intervels of about 100 miles. With two sets giving crossed azi-
muth "fixes" the position mey be determined. If the elevetion

engle is above 13 degrees, it is possible to fix the belloon with one
SCR-658 (assuming the pressure eltitude is krown).

For details of the meintenance and use of the SCR—658, see Viar De=~
pertment publication T.M. 11-1158A.

When aircreft ere used to follow and position the balloon, the use
of a radio-compess is found to be feasible, using the AN-]l trens-
mitter at & frequency that is within the limits of the compass re-
ceiver., By homing on the signel end flying along the indiceted
bearing until the compass needle reverses, the balloon's position
mey be found from initiel distences of up to 500 miles. Ko appre-
ciable cone of silence has been observed in recent flights which
used & transmitter operating at 1746 kec.

Redio compass equipment.AN/ﬁRN-% is described in U. S. A. A, F.
publication T. O. 68-10.




F.

Radar end Optical Trecking

Because of their limited range, ground rader sets and theodolites
were only of minor value in tracking belloons. Sets such as the
SCR-584, the SPM-l, end MPS-6 are suggested when the bealloon is
expected to remein within the 60 to 80 mile range.

VI, INSTRUMENTATION

A,

Altitude Determinetion

To provide accurate, sensitive eand readable records of the pressure
(altitude) encountered by the balloon, various systems have been
tried. A modified radiosonde-type aneroid pressure capsule (Slvnal
Corps ML 310-/) has been the basic sensing element, but three
different systems of modulation of the radio signal as & function
of pressure have been used.

(1) Standard Dismond~Hinmen Readiosonde Pressure Modulator

Seen in Figure 29, the stendard Dismond-Hinmen radiosonde system
provided first pressure sensor used. As the pen arm is pushed

CONDUCTING SEGMENTS FOR MUMIDITY CIRCUIT
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Figure 29, Schematic diagrem, Diemond-Hinman
radlosonde system.

across the commutator by the aneroid capsule, it falls on
elternating insuletors and conductors attached to three circuits.
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By knowing the altitude of release and counting the number of
switches from conductor to insulator, the position elong the
the commutator is known. This in turn is calibrated to give
pressure values, from which the sltitude mey be computed.

This system was not suitable for floating balloons beceause

(1) only 70 to 90 discrete contacts are provided to cover the
entire atmospheric pressure range; this means thet the best
readability obtainable with this system is about 210 millibars,
(2) When the balloon oscillates about a floating level, the fre=-
quent changes from one contact to another give embiguous readings,
since the number of discrete resistences used is limited.

For circuit details of this unit, see T.,B. Sig. 1656 and the
Weather Equipment Techniciar's Menual.,

(2) Specially Coded Radiosonde Modulators

To remove the ambiguity of altitudes reported by the system
above, extrae resistances were introduced into the circuits
of those contacts near the floating level; thus, each contact
gives & distinctive frequency and each pressure (altitude)
can be clearly distinguished.

In this system, there still remeins the lack of resolution or
sensitivity inherent in the modulator with 70 to 90 contacts.,

(3) Olland-Cycle Moduletor

To improve the sensitivity of the pressure measurements, an
Olland-Cycle (chronometric) pressure modulator wes developed.
Seen in Figure 30, the modulator contains a standard Signal

Figure 30. Olland-Cycle pressure modulator.
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Corps ML-310/ radiosonde aneroid unit, a metal helix on a
rotating cylinder of insulating meterial, and a 6-volt electric
motor which rotetes the cylinder.

There are two contacting pens which ride on the cylinder end
complete the modulator circuit of the transmitter when they

* touch the helix. One pen is fixed in position ard mekes & con-
tect at the same time in each revolution of the helix. This
contact is used as a reference point for measuring the speed

of rotation of the cylinder. The time that the second pen (which
is linked directly to the aneroid cell) makes contact with the
spiral, is dependent on the cylinder speed and on the pen
position which is determined by the pressure. By an evaluation
chart, the atmospheric pressure can be determined as a function
of the relative position of the pressure contact as compered to
the reference, thus elimineting all rotation effects except short-
term motor speed fluctuations.

The operation of this unit is described in detail in Section
II, "Operations,” of this report, pages 54-63,

Some of the units flown have been made in the shops of the
project, while others have been commercially supplied. The
following specifications have been set up for performancd of
the Olland-Cycle:

Pressure range: 1050 to 5§ mb.
Temperature range: ¢309C to =300C
Accuracy: 0.2 mb,

Readability: 20,1 mb.

A number of tests have been made on the accuracy of the Ollend=
Cycle modulator, The tests were of two types. The first was
made running the unit at room temperature while the pressure
remeined constant. In the second, the pressure was varied from
surface pressure to about 20 millibars several times at diff-
erent temperatures. In tests of the first type, the maximum
variation of pressure for & given contact pen position waes

1.3 millibars in a series of 182 revolutions.

The most comprehensive tests of this e¢type were made with two
Olland-Cycles in the same bell jar rumning for three hours and
ten minutes. Due to differences in speed of revolution, differ-
ent numbers of revolutions were recorded in the time intervsl,
138 being made by instrument No., L=416 and 181 by instrument No.
B-501. No. L-416 was made in the shops of the Research Divi-
sion and used a Brailsford 6-volt (1 rpm nominal speed) motor,
hard-rubber cylinder with 8 turns per inch of .010"™ nickel wire
on & 1" aluminum plate base. No. B-501 was made by Brailsford
and Co. to Balloon Project specifications. It had the seme
€-volt motor, & paper base bekelite cylinder with 8 turns per
inch of .010" nickel wire end was mounted on a 1/16" sheet
aluminum frame. ‘
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The following statistics for & given pressure (1001.8 millibars)
were computed: ‘
N.Y.U. Shop Model Brailsford Model

1-416 B-501
on the mean 12.5% 34 4
within 0.1% of mean 25 % 50 %
" 0.2% " 41.5% 70.5%
" 0.3 " " 62.5% 85.5%

" 04 " " 7% % 91 %
" 0.5 " " 95,6 100 %

Other conclusions arrived at as & result of this test were:

(a) Since changes of speed of the motors did not occur simul-
taneously in the two instruments, the speed changes probebly
are not due to slight changes in pressure or temperature.

(b) Sensitivity varied from 0.1 to 0.9 millibars.

(¢) Sensitivity increased with increase of rate of pressure chenge.

It was recommended as & result of these tests that the records
of flights when the balloon is floating be read to the nearest
two-tenths of a percent of a cycle, or approximately two-tenths
of e millibar, for high accuracy. When using the instruments
menufactured by Brailsford and Co., satisfactory accuracy will
be attained, if necessary, when the record is read to the
nearest one-tenth of a percent of a cycle.

In the second group of tests the pressure was reduced slowly
to about 20 millibars and increased to sea-level pressure at
different temperatures. '

The most comprehensive series of calibrations wes made with the
first instrument made by Brailsford and Co. Two runs were made
8t room temperature (220C), one at =-100C, one at =30 to 37°C

and one at =56 to =520C, On the last test at the lowest tempera-
ture, the unit was found to be completely unrelieble. The

cause of failure was the erratic motor operation at extremely
low temperatures. This had been observed previously during
flights when the Olland-Cycle was not thermally insulated.

The other curves were plotted on a single chart in order to
study their spread (see Figure 31), The envelope of curves
thus obtained showed no regular temperature effect over the
range +229C to =370C, In general, the envelope was less then
10 millibars wide slthough at some higher pressures it was as
much as 12 millibars wide. The curves et low pressures fell
closest together and were 2ll within 3 to 4 millibers apart
between 50 and 150 millibars and 6 millibars apart between
150 to 200 millibars.
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Figure 31, Tests of Ollend-Cycle performence.

Hysteresis at any one temperature was the worst serious cause
of the width of the envelope of curves. However, this

error was minimized by the smoothness of the rotating cylinder
and the continuous motion of the cylinder under the contact
pen. Probably the necessary looseness of the bearings end

the joining to the motor gear train had a great deal to do with
the spread between different calibrations.

‘The meximum varistion of any one celibration curve from the
meen wes about 3 millibars.

The following recommendations are mede for the‘use of the
Olland-Cycle modulator:

(a) The modulator shbuld be mounted inside the battery box and
insulated so as to keep its temperature above -30°C,

(b) During the repid-rising portion of the flight the accuracy
of the date warrants reading only to the nearest one percent
of a cycle, or about one millibar of pressure.

Tests on the sensitivity of Olland-Cycle moduletors indi=-
cate that although the accuracy is limited as indicated
above, small variations may be detected with the result
that it is valid to read the pressure record to the nesarest
tenth of one percent of one revolution.
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When the Ollend=Cycle principle was originally adopted, both
clocks and electric motors were considered for the power supply.
+In addition to the tendercy of clocks to stop at cold tempera-
tures due to freezing of lubricants and unequel expansion of the
parts, the movement of the clockwork in discrete steps limits
the accuracy of sampling. For these reasons, electric motors
are preferred.

The motor now in use has been built to meet the following spe-
cifications:

(a) 6 to 7.5 volt operation.

(b) 1 RPM gear train.

(c) 20 to 40 milliemperes drain. o

(d) Speed change at low temperature to be no more than 20%.

(e) Constancy of speed during any single revolution not to
deviate by more than 0.3%.

To check the performance of these motors at cold tempereatures,

a series of testswas run on the motors now in use with the
average case seen in Figure 32, The loss in RPM was more than

1.4

4 6 8 10 12 4 16
Voltage )

Figure 32. Speed tests of Clland-Cycle motors.

desired, but the motors continued to operate at a steady rate.
As long as the speed of revolution does not very merkedly withe
in a single revolution, the error is not serious. In early
flights made et prolonged cold temperature, erratic performarce
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of the motor-driven units was observed; current practice is
to provide adequate tempereture insulation.

(4) Barograph

As & secondary pressure unit, & clock-driven barogreph has been
included on many flights. The instrument (shown in Figure 33)

Figure 33, Smoked drum barogreph.

will provide up to 40 hours of pressure date if recovered.
About 70% of all those units flown to date have been recovered.
The performarce specifications are as follows:

(a) Roﬁation: ‘one revolution every 12 hours

(b) Duration: 36 hours running time

(c) Pressure range: 500 to 5 mb.

(a) Accuracy: £5 mb,

(e) Rsadability: 1,0 mb. or epproximately .22 mm on the drum
(£) Weight: 1000 grams

(g) Time'aocuracyz 10%

(n) Temperature compensation between 30°C and -70°C

Instruments have been built by Lenge Laboratories to meet
these requirements (the time accurecy figure is questionable)
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B.

A description of the use of this barograph is given in Part II,
"Operations," of this report. '

Tempersature Measurement

To interpret some of the observed balloon behavior, a knowledge

of the temperature of the gas and the outside air temperature was
required. The evalustion of "superheat" effects was accomplished
primerily by exposing & conventionel radiosonde thermistor inside

the balloon with & control thermistor meessuring the free-air tempera-
ture. Similerly, a thermistor wes sometimes installed inside the
battery-pack housing to measure the tempersture of the batteries.

While this system was in use it was genersl prectice to use the
standard government service thermistors ML 376/AM (brown) and

ML 395/FMQ-1 (white). The white elements were needed when the ex-
ternal temperature wes measured, since no adequate protection from
the sun wes available. Also, et floating level there is no venti-
lation to be had since the belloon is stationary with respect to
the air.

The resistance of the thermistors was switched into thé grid circuit
of the blocking oscillator of the AM-l trensmitter, and by comperi-
son with pre-flight ealibrations the sudio frequency trensmitted

could be interpreted in terms of tempersture. To record the signal
efter it wes received, & fast-speed Brush Co, Oscillogreprh Model BL212
is used. (Due to the frequency response of the Brush recording
system, the circuit was arranged to give lower frequenciss than a
stenderd rediosonde for the seame tempereture range.) A semple celi-
bration chert is shown in Figure 34. :
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Figure 34. Semple celibration chert for
temperature measurements,
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The temperature data obtained was of considerable value, especially
to determine the effect of insuletion of the battery psck. It wes
found on most flights where reasonable thermal insulation was applied
thaet the temperature of the pack remained above 0°C after several
hours of exposure at nighttime. The extreme observed was -$0°C.
Daytime flights haed the added advantage of heating from the sun,

The temperature of the lifting gas at the ground was ordinarily

found to be somewhat below the temperature of the eir. This is due
to the extreme cooling encountered in the expansion of the compressed
gas as it wes fed from the tanks into the balloon. During the rising
period, in daytime, the gas geined heat, since it cools adiebatically
less rapidly than does air (elso less then the normel troposgheric
lapse rete); at the floating level a differential of about 10°C

was common. A typicel temperature trace is shown in Figure 35,
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Figure 35. Typical temperature record.

To permit the transmission of both tempereture and pressure data by
one redio chennel, a peir of progremming switches have been de-
signed and flight tested. The first is the temperature switch (Figure 36),

Figure 36. Temperature programming switch.
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which switches four elements into the transmitter circuit in turn.
Recently & motor meking five revolutions per minute was used so
thet each temperature is trensmitted for three seconds. The four
elements are the free-air temperature, the ges temperature, battery-
peck tempereture and a reference signal. This switch is supple=-
mented by & mester program switch which alternately places the
temperature switch end the pressure modulator into the transmitter
circuit. The present arrangement is to permit the temperature data
to be trensmitted for about one minute in every fifteen. In this
way representetive tempereture sampling mey be obtained, without
meterially destroying the continuity of the pressure and ballast
date.

A second system of determining temperature mekes use of the smoked
drum of the barograph., By adding a temperature-activated pen, this
unit mekes & record of the temperature encountered. Since it is not
the free-air tempereture nor the tempersture of the lifting ges but
rather the temperature of the barogreph itself, the deta obteined
hes been of little velue., Following the development of suitable
tempereture telemetering epparstus, this method was not used.

Ballast Metering

It is often very desirable tc knowwhsther or not ballast control
eéquipment is operating properly during flight tests. For this
purpose, two systems of ballast metering have been devised. It is
possible (1) to record on an instrument which is belloon-borne or
(2) to detect end telemeter informetion to the ground concerning
ballast flow,

Figure 37 shows the automatic siphon which has been used in the AM-l
trensmitter circuit for the telemetering of such information. A
series of pulses of fixed frequency is trensmitted whenever the
contact arm of the sutomatic siphon is filled above a critical
level. The electrolyte used is non-miscible with the ballast and
rises and falls in proportion to the rise and fall of the main arm
of the siphon. This main arm empties when approximately 3.5 grems
of ballast have been allowed to flow into it. As a consequence of
this intermittemt filling and emptying of the lines of the siphon,
en intermittent signal of fixed frequency is transmitted whenever
ballast is flowing steadily. It is important that en electrolyte
be used whilch will not freeze at low atmospheric temperatures and
will not boil at the low pressures encountered. After a series of
tests it was decided that a 24% solution of hydrochloric acid be
used for eltitudes up to 85,000 feet. It is necessary to use
platinum wire for the contact points.

In order to record in flight the functioning of the bellast control

system a ballast recording mechenism has been developed in con-
junction with the Lange Laboratories of Lexington, Kentucky. This
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Figure 37. Automatic siphon.

instrument has been added as e part of fhe baro-thermograph, A
cutaway sketch of this ballast-recording instrument is shown as
Figure 38,
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Figure 38. Ballast-recording meter.
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Operation of the instrument mey be described as follows: The
instrument is inserted in the load line just above the ballast
‘assembly by attaching the loed line to the upper ring (A) and the
rigging from the ballest assembly to the lower ring (B). A canti-
lever spring (F) is set into an adjustable base (K), which may be
adjusted for various empty ballast-assembly weights by changing the
setting of the adjusting screw (L). The lower ring is attached

to the cantilever spring, but can be adjusted for different dballast
weights by sliding along the spring (from G to Gj, for instance).
For light ballast weights the lower ring is moved ewey from the
base (K) (to the right on the diasgram), and for heavy ballast weights.
it is moved towerd the base. Adjustments ere mede on the adjusting
screw (L) and the lower ring (G) before each flight according

to the weights of the ballast assembly and the ballast.

The cantilever spring is attached to the connecting bar (E) at (H).
Thus the deflection of the lower ring is transferred through the
cantilever spring to the connecting bar and then to the pen arm
(C), which is pivoted ebout a fixed point (D). The deflection is
recorded by the pen on & rotating smoked drum (B). In order to
preze§t the pen from going off the drum, an adjustable stop is set
at (J). :

The unit should be calibrated for maximum load (pen arm at C;),
e medium load (pen arm at C) and minimum load (pen arm at 02} before
each flight. A trace of ballast function will start et the top of

the drum and as ballast is discerded will fall toward the bottom

of the drum. By measuring the deflection at any time and comparing
with the calibration, the emount of ballast left in the assembly

at any time can be determined. Since this instrument is a part

of the baro-thermograph, the trace obtained upon recovery will contain
. informetion concerning altitude, temperature, and ballast functioning
over the complete flight. After proper correction for time dis-
placement of the three pens hes been made, the three types of in-
formetion cen be correlated to give & fairly complete picture of

the balloon flight, including reasons for various types of motion.

It is expected that this instrument will be extremely wvaluable in
determining ballast control operation over & long period of time,
especially after the balloon system is out of radio reception range.
It also will give informstion thet could not be obtained if there
were any failure of the autometic siphon meter or the trensmitter
during launching or flight, The chief drawback of the instrument
is that information is dependent on recovery.

At the time of writing of this report the instrument hes not been
flight tested. Preliminery leboratory tests indicate that the in-
strument will live up to the high expectations placed upon it,
Since the instrument actually records the tensile force in the load
line during flight, it may also be valuable in enalysis of the ac-
celeration forces induced during periods of belloon oscillation

in the atmosphere.

78



Vii.

CONCLUSIONS

Considersble experimental work has been done in conjunction with the
study of balloons and controls. The description of operating pro-
cedures and the use of specially developed equipment is included in
Part II of this report, "Operations," (bound separately).

A summary of the results of flights mede to test equipment and controls
is given in Pert III, "Summary of Flights." At this time the use of
thin polyethylene balloons with pressure-activated ballast controls

has been demonstrated effectively to meet the contract requirements.
Tests mede on another contract have found controls consistently active
over 24 hours with an average pressure constancy of #2 mb. at 200 mb.
Even greater ballast efficiency has been found at higher altitudes
using the same pressure-ectivated controls.



